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Higgs Boson Phenomenology at the LHC:
the Standard Model and Beyond

Sze Ching Leung, PhD

University of Pittsburgh, 2023

This thesis focuses on exploring the interactions of the Higgs boson with other particles
and their connections to Beyond the Standard Model (BSM) physics at the future High
Luminosity LHC (HL-LHC). Four studies are presented to probe the Higgs boson couplings
at high energy scales and test for new physics effects.

In Chapter 2, a novel search strategy is proposed to study the Higgs decay H — ¢¢ in
association with vector boson fusion (VBF) jets and a photon. The photon acts as an effective
trigger handle, suppressing the challenging QCD background. The projected sensitivity for
H — cc at HL-LHC is about 13 times the SM charm-Yukawa coupling.

Chapter 3 explores the sensitivity to off-shell Higgs boson measurements in the pro-
cess pp — H* — Z(IT17)Z(vp) at HL-LHC. Machine-learning techniques are employed to
enhance the sensitivity, leading to significant results beyond existing literature.

In Chapter 4, the pp — ttH process at the HL-LHC is used to probe the coupling between
the Higgs boson and the top quark at high energy scales. The study focuses on the boosted
Higgs regime with jet substructure techniques, resulting in a strong sensitivity to the new
physics scale.

Chapter 5 investigates the sensitivity to high momentum Higgs boson production through
VBF. We show that even with the challenging channel H — bb, new physics up to TeV scale
can be reached at the HL-LHC. We also first point out that comparable sensitivity can be
obtained with the VBF jet kinematics without reconstructing the Higgs boson.
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1.0 Introduction

Throughout history, physics has made strides in understanding the fundamental elements
of nature and their interactions, with the Standard Model (SM) of particle physics standing as
a remarkable achievement from the 1960s, aided by modern collider technology and quantum
field theory advancements. Confirming SM predictions, the discovery of the Higgs boson in
2012 at the Large Hadron Collider (LHC) by the ATLAS and CMS collaborations [7, §]
marked a significant milestone, opening avenues to explore physics Beyond the Standard
Model (BSM). However, the observed Higgs boson mass of approximately 125 GeV presents
a challenge, being much lower than the Planck scale of 10! GeV, necessitating unnatural
fine-tuning in the SM theory. To address this hierarchy problem, new BSM theories are
required, and precision measurements of the Higgs properties, especially at high energy
scales, hold promise for exploring new physics effects in the absence of new particles beyond
the SM.

In this thesis, I examine a few proposals of probing the Higgs boson couplings at HL-LHC
in the rare decay mode or high energy regime and study the phenomenological consequences
of potential BSM solutions to the hierarchy problem. The goal is to offer directions for
experimental searches and illuminate forthcoming explorations. This chapter serves as an

introduction to the basic concepts and motivations of my study.

1.1 Overview of the Standard Model

The Standard Model (SM) of particle physics is a theoretical framework that describes
the fundamental building blocks of matter and the fundamental forces that govern their
interactions. It is considered one of the most successful scientific theories in history, and
its development was a major milestone in our understanding of the natural world. This
overview will provide a brief history of the development of the SM and introduce the particle

contents and the fundamental forces described by the theory.



The SM is based on the concept of Quantum Field Theory, which describes particles
as excitations of underlying fields that permeate all of space. The SM describes all known
elementary particles in terms of two types: fermions and bosons. Bosons are particles that
have integer spin. In the SM, there are four spin-1 bosons: gluons, photons, W and Z
bosons. Gluons and photons are massless while W and Z bosons are massive. They are the
force carriers of the three fundamental forces which will be introduced later. Higgs boson is
the only spin-0 boson in the SM. It is responsible for generating masses for massive bosons
and fermions in the SM. Fermions, on the other hand, have half-integer spin and there are
twelve spin—% particles in the SM. These fermions can be divided into two types: quarks and
leptons. Quarks are the building blocks of protons and neutrons. They carry color charges
and participate in strong interactions while leptons do not. Both quark and leptons can be
grouped into three generations and each generation consists of an up-type quark, a down-
type quark, a charged lepton and a neutrino. All up-type quarks carry the same amount of
electric charge. This also applies to all down-type quarks and charged leptons. In general,
masses of particles increase across generations. The particle contents in the SM and their

basic properties are summarized in Table 1 and 2.

Name Symbol  Spin Charge Mass Force
Gluon g 1 0 0 Strong
Photon 7y 1 0 0 Electromagnetic
W Boson W= 1 +1 81 GeV Weak

Z Boson A 1 0 91 GeV Weak
Higgs Boson H (or h) 0 0 125 GeV -

Table 1: Bosonic contents of Standard Model

The SM includes three of the four fundamental forces of nature: the strong force, the weak
force, and the electromagnetic force. Gravity, the fourth fundamental force, is not included
in the Standard Model. The strong force is responsible for holding the nucleons of an atom

together. It is mediated by particles called gluons, which interact with quarks, the building



Generation Name Symbol Charge Mass

up quark U % 4 MeV
down quark d —% 7 MeV
First
electron e —1 0.5 MeV
electron neutrino U, 0 <0.1eV
charm quark c % 1.5 GeV
strange quark s —% 0.2 GeV
Second
muon 1 -1 0.106 GeV
muon neutrino vy 0 <0.1eV
top quark t % 172 GeV
bottom quark b —% 4.7 GeV
Third
tau T -1 1.78 GeV
tau neutrino vy 0 <0.1eV

Table 2: Fermionic contents of Standard Model

blocks of protons and neutrons. The strong force was first described by Murray Gell-Mann [9]
and George Zweig [10] in the early 1960s, who independently proposed the idea of quarks as
the building blocks of protons, neutrons, and other hadrons. The theory of the strong force,
called Quantum Chromodynamics (QCD), was developed in the 1970s, and it describes the
behavior of quarks and gluons. The electromagnetic force is responsible for the interactions
between charged particles and is mediated by particles called photons. The electromagnetic
force is described by the theory called Quantum Electrodynamics (QED), which was started
in 1920s and fully established in the late 1940s. The weak force is responsible for processes
like beta-decay and is mediated by massive particles called W and Z bosons. The weak
interaction is unified with the electromagnetic force, described by the electroweak theory

which was first proposed in 1961 by Sheldon Glashow [11], and later completed by Steven



Weinberg [12] and Abdus Salam [13] in 1967. The mass generation of the weak bosons was
a significant problem because their mass terms were not allowed by the gauge symmetry.
This puzzle was solved by the Higgs mechanism which was proposed independently by Peter
Higgs, Francois Englert, and Robert Brout [14, 15, 16] in 1964.

One of the most important aspects of the SM is the concept of gauge symmetry, which
refers to the invariance of the equations describing the behavior of particles under local
transformations of the gauge fields. This invariance is a fundamental principle of the SM and
is essential for ensuring the consistency and predictability of the theory. Gauge symmetry
is responsible for the conservation of charge and other quantum numbers, and it is a key
feature of the SM. The three forces described by the SM are governed by the following gauge
groups

The SU(3). group is associated with the strong force. The subscript ¢ denotes color,
which is the conserved charge of the group. For a SU(N) gauge theory, there are N? — 1
generators. Therefore, the gauge bosons associated with this group are eight gluons GL.
They are massless because the SU(3). group is unbroken.

The eletromagnetic force and weak force are unified under SU(2), x U(1)y group, where
subscripts L and Y denote weak isospin and hypercharge. For a U(N) theory, there are N2
generators. Thus there are four generators associated with the group, three Wli and one
B,,. These gauge fields can be rotated into their mass eigenstates emerged after spontaneous
symmetry breaking SU(2), x U(1l)y — U(1l)gm. The massive eigenstates are the weak
bosons: W* and Z°. The electromagnetic force mediator v is massless because the U(1)gy
remains unbroken.

The field contents and interactions in the SM can be written in a compact form in the

language of quantum field theory as follows
»CSM = »Cgauge + 'Cfermion + £Higgs + EYukawa' (12)

We are going to look at each term of the SM lagrangian in details in the following sections.



1.1.1 Gauge sector

The first term encodes the kinetic terms and the gauge interaction terms in the forms of

field strength tensors:

1 1. . ]
‘Cgauge - _ZGZVGMWZ — ZWZLVWMW — ZB,UVBMV‘ (13)

The field strength tensors are defined as follows. For U(1)y gauge group, the field strength

tensor takes the form of
B,, =0,B,—-0,B (1.4)

vy

which is the same as electromagnetism. For non-Abelian gauge theories, the field strength

tensor includes a self-interacting term. In particular, for SU(3)¢, it is defined as
G, = 0,G — 0,G}, — gsfachZGl‘i, a,b,c=1---8, (1.5)

where g, is the strong coupling and % is the antisymmetric structure constant of SU(3).

It is related to the generators of the SU(3) group t* as follows:
[t 1°] = i fobete (1.6)

The generators are conventionally represented as the eight Gell-Mann matrices A, where

%)\a = t%

010 0 —2 0 1 0 0 0 01
A=110 0], %2=[7 0 0[:A=]0 -1 0, M=1]00 0],
000 0 0 0 0 0 O 1 00
00 —2 0 00 00 O 1 0 O
1

A=[00 0|, %=]00 1], A=[00 —i|,s=—7%=]01 0 L7
5 6 7 i =3 (1.7)

i 0 0 010 0 i O 00 -2

Similarly, for SU(2)y, the field strength tensor is defined as

Wi, =0W, =W, — g WIWp i jk=1---3 (1.8)



ik is the totally antisymmetric tensor such that '?3 = 1.

where ¢ is the weak coupling and €
The generators of the SU(2) group are denoted as 77, satisfying the following commutation
relation:

(7%, 79] = iRk, (1.9)

7" are represented as Pauli matrices ¢* where 7° = %01:

ol = 0% = 0% = . (1.10)

1.1.2 Fermion sector

After introducing the gauge fields in the SM, we are ready to review the gauge interactions
of fermions. The Lagrangian of the fermion sector in the SM reads
3
Licomion = i | Q4 DQ} + iy Puly + diy Pidiy + Ly DL, + ey Del| (1.11)
i=1
where Q)r,, L, denote the doublets of left-handed leptons and quark, ug, dg, eg denote right-
handed up-type quarks, down-type quarks and charged leptons respectively. For example,

for the first generation, )y, and L read as

ur, Ver,
QL= , Lp= (1.12)
dr, €L

The left- and right-handed chiral fermion states can be obtained by using the projection

operators on an unpolarized Dirac spinor

Vr = Pry, Y = Py, (1.13)
where
Pp= %(1+75), P = %(1—75). (1.14)

The gauge interactions of fermions are encoded in the covariant derivative:

Dy=0,—ig B,Y —igr W, —ig,t°G:, (1.15)



where ¢ is the hypercharge coupling and Y is the hypercharge operator while 7 and t* are
the generators of the SU(2) and SU(3) groups introduced before. The covariant deriva-
tive is defined in such a way to ensure the invariance of the Lagragian under local gauge

transformations:
U1y : P, — e @Vq Yp — AV

1
B,u — BH + ?0M)\y(l')

SU2)r : W — €M@y Yr — VR

. 1 I (1.16)
W, — Wi+ EGMA’L(;U) + ew’fwlg,\’z(x)
SUB)e:  hp — 2@, W — M@y
Gy~ G+ -, (a) + ™ GLN (o)
The transformation properties of the fermion fields are summarized in Table 3.
Qr UR dp ) er

SU3)e x SU@)L x U(l)y charge | (3,2,1) (3,1,3) (3,1,-3) (1,2,-}) (1,1,-1)

Table 3: Quantum numbers of fermions fields of one generation in the SM.

We can see that under the above local gauge transformation, mass terms of the gauge
fields (such as ~ B*B,,) are not gauge invariant, thus not allowed in the Lagrangian. For
fermions, although the kinetic and gauge interaction terms can be separated into terms
involving left-chiral fields or right-chiral fields only, this is not the case if we try to write

down the mass term of fermion fields

—mpy) = —miy — mPLig. (1.17)

The mass terms involve fermion fields of both chiralities. Since the left-chiral fields and right-
chiral fields transform differently under SU(2); x U(1)y, the mass terms are manifestly not
gauge invariant, thus forbidden in the Lagrangian. The mass generation problem of massive
gauge bosons and fermions can be solved by the Higgs mechanism which will be discussed

later.



1.2 The Higgs Mechanism

1.2.1 Higgs sector

To resolve the mass generation problem of the massive gauge bosons and fermions in the
SM, we need to introduce an SU(2); doublet scalar field, which triggers the spontaneous
symmetry breaking of SU(2), x U(1)y through the Higgs mechanism [14, 15, 16]. The

Lagrangian of the Higgs sector in the SM is written as:
Litiges = (D, ®@)' D"® — V(®), (1.18)
where ® is the complex SU(2);, doublet scalar field as

. .
o [T = L[t (1.19)

¢° V2 $3 + iy

¢1,2,34 are real scalar fields.

V(@) is the Higgs potential and given by
V(®) = —p2dTd + \(PTd)2. (1.20)

When both —p? and \ are positive, the Higgs potential has a minimum at v®f® = 0,

the electroweak symmetry is unbroken. When —p? is negative and )\ is positive, the Higgs

potential has a minimum at vV®i® = \/ p?/2X. In this case, the vacuum is not invariant
under SU(2), xU(1)y symmetry, which means the gauge symmetry is spontaneously broken.
These two cases are depicted in Fig. 1.
If we expand the minimum condition in terms of the four real scalar fields, it looks like
2

1
D0 = (61 + 05+ 65 + ) = 5. (121)

Now the condition resembles a fixed-length vector in the space spanned by ¢ 4. Since it is
free to rotate our basis states ¢4, we can choose a basis such that the vacuum expectation

values of the fields are

(¢3) = u; (¢1.24) = 0. (1.22)
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Figure 1: Plots showing V(®) as a function of |®| for the cases —u? > 0 and —p? < 0.

We can rewrite the field ¢3 as the vacuum expectation value (vev) v and a real scalar field

h which represents the fluctuation around the vev:

2
3 =v+h, v = 'UT (1.23)

With this new definition, we expand the Higgs potential and take a look at the mass terms:
V20-¢74+0-¢5+ > h*+0-¢5. (1.24)

We can see that ¢4 correspond to three massless Goldstone boson while i corresponds to

the Higgs boson with a mass

mp = V202, (1.25)



The latest measurement of the Higgs boson mass reported by the Particle Data Group
(PDG) [17] is
myp, = 125.25 £ 0.17GeV. (1.26)

If we calculate the one-loop radiative corrections to the Higgs boson mass, we obtain

3A2
my =mj, o+ W(mi + 2M2, + M2 — 4m?), (1.27)

where A is the cut-off scale of the loop integral and my is the bare mass of the Higgs
boson. The contributions from the other SM particles are not included because they are less
significant. We observe that the radiative corrections have a quadratic dependence on the
cut-off scale. A can be interpreted as the scale up to which the SM is valid. If there is no
new physics below the Planck scale, meaning that A ~ 10'?, one would need a very precise
cancellation between the bare mass of the Higgs boson and the radiative corrections to be
consistent with the measured Higgs boson mass which is around the electroweak scale. This
is known as the hierarchy problem or fine-tuning problem. This problem has been the major
motivation for new physics at the TeV scale.

Many BSM models have been proposed to address the hierarchy problem. One possible
solution is to introduce new particles and symmetries, such as supersymmetry. This would
eliminate the quadratic divergences that plague the Higgs mass calculation, and bring the
Higgs mass down to a more natural scale. However, despite decades of searches, no evi-
dence for supersymmetry has been found yet. An alternative solution is to consider the
Higgs boson as a composite bound state of more fundamental constituents, rather than an
elementary particle. In this scenario, the Higgs mass arises from the strong interactions of
these constituents, and is naturally much smaller than the energy scale of the theory. This
is the basic idea behind composite Higgs models, which have been extensively studied in
recent years. Another approach to studying the effects of BSM physics is to use effective
field theory (EFT) techniques. An EFT allows us to parametrize the deviations from the SM
predictions that could arise from new physics, in terms of higher-dimensional operators that
respect the symmetries of the Standard Model. This approach provides a model-independent
way to search for deviations from the SM, and is a key tool in interpreting the results of

experiments at the LHC. These new physics models will modify the the Higgs couplings to
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other SM particles and lead to interesting phenomenological consequences. Chapter 3, 4 and
5 are dedicated to study the Higgs couplings at high energy in various production channels
and explore the experimental signatures of different BSM scenarios.

To reveal the physics nature of the Goldstone modes, we can put them together and

rewrite the Higgs doublet in such a way

1 it 0
b = —exp (22' ) , (1.28)
V2 v v+h

where 7¢ are the generators of the SU(2) group defined before and 7 represents the three

massless fields. Under the local gauge transformation, it transforms as

Uly: @& — Ve
NN (1.29)

SU(2)L : P — PO P,
with quantum number (1,2, %) It does not transform under SU(3). because it is a singlet
under SU(3).. We can gauge away the Goldstone bosons by choosing \: (z) = —27*/v. This
is the so-called unitary gauge. The fact that we can remove the Goldstone bosons by fixing

a gauge shows that they are not physical. Now the Higgs doublet takes a simpler form with

only physical degree of freedom

oo L[V (1.30)
V2 v+ h ’ '

and we are going to work with this from now on.
The kinetic term and gauge interactions of the Higgs field are encoded in the covariant
derivative

1 .
D,®=0,® iy 3B,®—igWr'd. (1.31)

Expanding the covariant derivative term, we will get
1 1 1
|D,®* = 5c‘)“hc‘)“thggQ(quh)Q(Wl}—z‘Wj)(VI/h‘Jrz'VV?“)Jrg(v+h)2(—g’B“Jrng)?. (1.32)

The first term is the kinetic term of the Higgs boson. For the second term, the combinations

of Wi and Wﬁ correspond to the two charged W bosons:
WlFxiw?
Wt = W T W (1.33)
V2

11



The combination of B,, and Wj’ in the third term corresponds to the Z boson. By defining

/

9 9

where 0y is the weak mixing angle, B, and Wj’ can be rotated into their mass eigenstates:

cos by = sin Oy = (1.34)

A cos 6 sin ¢ B
" = v v 8 (1.35)
Z, —sinfy  cos by wp
Now we can rewrite the Lagrangian in terms of the mass eigenstates. Keeping only the

quadratic terms, it reads

2,2 1 2 2\,,2
Liiggs > - WIW ™ + 5%42& (1.36)

We can directly read out the masses of W bosons and Z boson from the Lagrangian

My = %, Mz =3V g*+ g% (1.37)

N <

This is how the masses of massive gauge bosons are generated after spontaneous symmetry
breaking. The latest measurements of the W and Z boson masses reported by the PDG [17]
are

My = 80.377 £ 0.012 GeV, My =91.1876 4+ 0.0021 GeV. (1.38)

It is also noted that A, does not couple to the Higgs field, thus does not get a mass. This
is due to the fact that U(1)gm remains unbroken after spontaneous symmetry breaking.
Therefore, A, corresponds to the electromagnetic force mediator, photon.

In addition to the mass terms, the interaction terms in the Lagrangian expand as follows:

2 2 2 2 2 /2
g*v w9 _u, (PP (9° +9%)
Lrtiges O =5~ hW W= + ZhPWjW Py 2= B2, 7N+ ThZZMZ“. (1.39)

4

From the Lagrangian, we can conveniently extract the Higgs couplings to the massive gauge

bosons: ) 12
. g v .
gnww = (ZQMV)T = (ZgMV)QTW
2 2
. g . M,
JGhhww = (Zg,ul/)z 2l = (Zg;w)Q U;/V
(¢ + g Y 0
9hzz = (Zg,w/)T -2l = (Zguu>2 UZ
2 2 2
. + . M
gmzz = (igu) 9D o o= (g, )22

8 v?
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Now that we have work out the mass eigenstates of the gauge bosons, we can rewrite
Eq. 1.15 in terms of the mass eigenstates:
D, =0, —ig,Git* — z’i(I/V:TJr + W, ) —iZ,(gcos Oy’ — ¢’ sinfyY)

V2 (1.41)

—iA,(gsin Oy + ¢ cos Oy Y),

where 7% = (7! £i72)/v/2. The second term represents the strong interactions with gluons,

which is unaffected. The third and fourth terms encode the weak interactions mediated

by W* and Z bosons, which produce the charged and neutral currents when acted on

fermions. Recognizing the last term as the electromagnetic interactions, we can establish

the relationship between the electromagnetic coupling and weak or hypercharge coupling:
—iA,(gsin Oy 7 + ¢ cosOyY) = —ieA,Q

/ (1.42)
éezgsin@wzg’COSHW:L Q=1"+Y.

/92 + g/2’
1.2.2 Yukawa sector

After examining the mass generation mechanism of the massive gauge bosons, we will
move our focus to the mass generation of fermions. In the SM, fermions acquire masses

through Yukawa interactions. The Lagrangian of the Yukawa sector in the SM is:
Lvukawa = —yzl-j L_Li@efé — yfj Q_LiCI)d% — Yis Q_Lii)uiz + h.c. (1.43)
where @ is the conjugate Higgs doublet given by

5 ¢0*
d =io?d* = : (1.44)

¢
Ly and @, are SU(2),, doublets of leptons and quark introduced before, 4, j run from 1 to 3,
representing the three generations. After spontaneous symmetry breaking, plugging in the

Higgs doublet in Eq. 1.30, we will get the mass terms for the fermions. For simplicity, we

first look at the lepton mass of the first generation:

1
Lyukawa D _yeﬁw + h)(érer + érer)
(1.45)
LY e

NG,

hee.
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The first term is the mass term for electron and the second term shows the coupling of

electron to the Higgs boson:

_ Y (—i) Ye _ _;Me (1.46)

; ee = (71 =
\/§ gh \/5 v

This can be generalized to the second and third generation of leptons. In general, yfj is a

Me

3 x 3 complex matrix. However, since neutrinos are massless in the SM, it is meaningless
to consider couplings that mix generations. The mass generation for quarks is slightly more
complicated because we need to consider mixing among generations. After the Higgs field

gets a vev, the Yukawa interaction of the quarks will generate mass terms in a form of:

Uy dy
Lyukawa D — (al s ﬂ3>RM“ ug | — (dl dy JS)RMC’ dy | +hec, (1.47)
us L d3 L
where
My = —=us MG = (1.48)

V2 V2

Both M, and Mglj are 3 x 3 complex matrices. To find the mass eigenstates, we need to

diagonalize both matrices by bi-unitary transformations:

UgtMU,=0 m, 0|, DyMDr=|0 m, 0], (1.49)
0 0 my 0 0 my

where Uy, g, D g are unitary matrices defined by

U d
Uj:,R =ULr | c ) iL,R =Drr|s ) (1.50)
t LR L,R

and u,c,t,d,s,b are the mass eigenstates of the quarks. Note that the diagonalization of
the mass matrices leads to the diagonalization of the Yukawa matrices y;’; and yfj. Thus the
couplings of the Higgs boson to the quarks are also real and diagonal in the mass eigenstates

and we summarize:
YqU My

= = —7— 1.51
NGA Yhqq v v ( )

mq:
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where y, are the eigenvalues of matrices y;; and yflj.
Since we rotate the up-type quarks and down-type quarks by different unitary matrices,
we need to discuss the implications to electroweak interactions. For the neutral current

interactions (interactions with Z boson or photon), we have bilinear forms such as

Uuq u u
,CN.C. > <Z_L1 Usg ﬂg)L’}/u U9 - <ﬂ5t_>LU£’}/MUL c = (I_LE??)L’YM c R (152)
us) t . t .

because U;JU 1 = 1. As a result, there is no mixing among generations and this is why there
is no flavor changing neutral current at tree level in the SM. While neutral currents are
flavor diagonal, this is not the case in the charged currents (interactions with W bosons).

The charged current interactions take the form as

dy d d
Loco (mua) [ d| = (act) VDo |s| =(aei) v |s| (53)
dS L b L b L

where V' = UEDL is the Cabibbo—Kobayashi-Maskawa (CKM) matrix. Ug and Dy do not
play a role here because ugr and dr do not couple in the SM. We can show that the CKM
matrix is unitary:

VIV = (Ul DU D, = DLULUI D, = 1. (1.54)

The magnitudes of the CKM matrix elements obtained using a global fit [17] are given by

Vd Vs Vi 0.97435 + 0.00016  0.22500 =+ 0.00067 0.00369 = 0.00011
Vexn = | Vg Ve Vi | = | 0.22486 +0.00067 0.97349 £ 0.00016  0.0418279-00085
Vie Vie Vi 0.0085750000rs  0-0411055060%  0.9991185:660035

(1.55)
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1.3 Experimental Status of the Higgs Boson

After reviewing the theoretical framework of the Higgs boson, it would be incomplete
to not discuss its experimental status. After decades of theoretical work and experimental
searches, the Higgs boson was finally observed at the Large Hadron Collider (LHC) in 2012
by the ATLAS and CMS experiments [7, 8]. The discovery of the Higgs boson is a major
milestone in the history of particle physics, and it has had a profound impact on our un-
derstanding of fundamental physics. It not only confirms the existence of the Higgs field,
filling in the last missing piece of the SM particle spectrum, but also opens up new avenues
for research into physics beyond the SM. Since then, substantial progress has been made in
understanding its properties and probing its nature through various measurements, includ-
ing its mass, width and couplings to other particles, some of which will be highlighted in the

following sections.

1.3.1 Production of the Higg boson

There are four major production mechanisms of the Higgs boson at the LHC, namely
the gluon fusion (ggF), the vector boson fusion (VBF), the association production with a
gauge boson (VH) and top quark fusion (t¢H). The representative Feynman diagrams of
these production channels are shown in Fig. 2. Their respective production cross sections at
the LHC are shown as a function of the Higgs boson mass in Fig. 3. For a 125 GeV Higgs
boson, the production cross sections predicted by the SM are listed in Table 4 [1].

At LHC, the dominant production mechanism of the Higgs boson is gluon fusion, medi-
ated by a fermionic loop. Since the couplings of fermions to Higgs boson are dictated by their
masses, the main contribution to the loop is from the heaviest quark, top quark. Therefore
the gluon fusion process can also be utilized to indirectly probe Higgs-top coupling, which
we will study in Chapter 3. More importantly, gluon fusion can be sensitive to new heavy
state propagating in the loop, thus provides a mean to test new physics. The gluon fusion
process has been established with overwhelming evidences and currently the measured rate

agrees with the SM prediction.
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Figure 2: Representative Feynman diagrams of major Higgs production mechanisms at the
LHC: (a) gluon fusion, (b) vector boson fusion, (c) association production with a gauge

boson and (d) top quark fusion.

Vs (TeV) | Production cross section (pb)
e | VBF | VH | tiH

13 48.57 | 3.925 | 2.256 | 0.4987
14 54.67 | 4.445 | 2.499 | 0.6037

Table 4: The production cross section for a 125 GeV SM Higgs boson in pp collisions [1].
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Figure 3: Production cross section of the Higgs boson at the LHC as a function of its mass [1].

The Higgs production channel with the second largest cross section at the LHC is vector
boson fusion. In this process, the Higgs boson is produced by the t- or u-channel exchange
of virtual W or Z bosons between two incoming quarks. As a result of the scattering,
two hard jets are produced in the forward and backward regions of the detector, separated
by large rapidity gap. Gluon radiation in the central region is strongly suppressed due to
the color-singlet nature of the weak gauge boson exchange. These striking experimental
signatures of the VBF process are useful to distinguish it from enormous QCD background
and other Higgs production mechanisms. The production of Higgs bosons through VBF is an
important process to study, as it provides complementary information to the more dominant
Higgs production mechanism, gluon fusion. VBF can be used to measure the Higgs boson’s
coupling to vector bosons, which is a key prediction of the SM. ATLAS and CMS produced a
combined observation of 5.40 [18, 19|, establishing this process with a rate compatible with
expectation in the SM. Two interesting use cases with this channel are presented in details

in Chapter 2 and 5.
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The next major production mechanism is association production of Higgs boson with
weak gauge boson, also called Higgsstrahlung process. This process occurs when two quarks
or anti-quarks produce a Higgs boson and a weak gauge boson, mediated by an s-channel
W or Z. With the weak boson decaying leptonically, this channel is relatively clean and
can be useful to probe rare Higgs decay, such as H — c¢. In fact, this channel provides the
most stringent constraint to charm-Yukawa coupling. A complementary way to probe charm-
Yukawa coupling is studied in Chapter 2. ATLAS and CMS have independently observed
the VH production mode through H — bb in an unambiguous manner, with 5.40 and 5.60
respectively [20, 21].

The ttH production cross section at the LHC is small, but it is still considered a major
production mechanism of the Higgs boson for it provides the direct evidence of Higgs-top
coupling, which will be presented in Chapter 4 in more details. The role of the Higgs-top
coupling is significant in the electroweak symmetry breaking mechanism in the SM. Although
the observed rates of the Higgs boson in gluon fusion provide considerable indirect evidence
for top-quark Yukawa coupling, direct evidence and subsequent precise measurement at the
LHC are available mainly through the ttH channel. With a large increase of ttH cross
section from LHC Run 1 to Run 2 due to the upgrade of center-of-mass energy, both ATLAS
and CMS were able to independently observe the Higgs production in association with a
top-quark pair [22, 23]. The establishment of the ttH production channel is one of the
great success of LHC Run 2 physics program and so far all production processes have been

established with LHC Run 2 data.

1.3.2 Decay of the Higgs boson

The Higgs boson is not a stable particle, instead of observing it directly at the collider,
its decay products are detected and used to reconstruct the Higgs boson. Therefore it is
essential to understand the various decay modes of the Higgs boson. Once the Higgs boson
mass is known, its decay width and decay branching ratios in to different SM particles can

be well predicted by the SM. For the observed 125 GeV Higgs boson, its decay width is
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precisely predicted to be
'y =4.1MeV. (1.56)

The partial width of the Higgs boson decays to weak bosons is

T'(H—VV)= Syqfl—4—Y (1-42Y 412V

1672 M% M% M

G}, M2 ( M2 M4> 1.57)

where oy = 2, 6 = 1, and the partial width of the Higgs boson decays to fermions is

T(H = [f) = iv\gFMH< f< ng@ ) (1.58)

where N, is the number of colors of the final state fermion (N, = 1 for leptons and N, = 3
for quarks). Fig. 4 shows how the various decay branching ratios change as a function of the
Higgs boson mass [6]. When My > My, the decay mode H — Z~ becomes available. When
2my, < My < 2Myy, the decay mode H — bb dominates while My > 2Myy, the decays
to weak gauge bosons take over. A 125 GeV Higgs boson allows us to explore quite many
different decay channels to other SM particles. The dominant Higgs boson decay modes
include H — bb and H — WW*, followed by H — gg, 777, c¢ and ZZ*. The Higgs boson
can also decay into H — vy, Zv and p*pu~, albeit with much smaller rates. Decays into
g9, v, and Z~ are loop-induced, which provide information on the Higgs boson couplings
to WW, ZZ, and tt in different combinations. The predicted branching ratios of these decay
modes in the SM are shown in Table 5 [1].

This very narrow width makes it very challenging to measure at the LHC. At the collider,
only the product of cross section and branching fraction can be measured in all production
modes. As a result, it is not possible to determine the total width of the Higgs boson
from measurements of Higgs boson rates. Direct constraints on the Higgs boson width can
be obtained from reconstructed mass line-shape. Two of the cleanest channels H — ~v
and H — ZZ* — 4l have been studied but only upper limit can be set due to limited mass
resolution. Therefore, the constraints on the Higgs boson width that can be obtained directly
from these measurements are still much larger than the expected width of the Higgs boson in

the SM. Another approach to constrain the Higgs boson width is to utilize the on-shell and
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Figure 4: The branching ratio of the Higgs boson as a function of its mass [6].
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Decay mode  Branching ratio

H — bb 5.824 x 1071
H— WtW- 2.137 x 107*
H = gg 8.187 x 102
H— 77~ 6.272 x 1072
H — cc 2.891 x 1072
H—ZZ 2.619 x 1072
H — vy 2.270 x 1073
H — Z~v 1.533 x 1073
H— putp 2.176 x 1074

Table 5: The branching ratios for a 125 GeV SM Higgs boson.

off-shell measurements at the same time in the H — V'V channels. Assuming the running

of the Higgs boson couplings is negligible in the off-shell regime,

Pofishell  L'H
= TSM>
Hon-shell FH

(1.59)

where u; denotes the signal strength. The off-shell production limits from both ATLAS and
CMS have been employed to limit the possible range of the Higgs boson width. At 95%
C.L., they observed I'y < 14.4 MeV and 9.16 MeV respectively [24, 25]. More details about
leveraging the off-shell measurements to constrain the Higgs boson width and the projecting
bound at future High Luminosity (HL-)LHC are presented in Chapter 3.

In the SM, gauge bosons acquire masses through electroweak symmetry breaking as
introduced in the last section. Therefore, establishments of decay of the Higgs boson to
weak bosons are important tests of the mechanism of electroweak symmetry breaking. In
fact, the earliest observed decay modes are the decay of the Higgs boson to vector bosons
(v, ZZ and WW) because the Higgs boson discovery mainly relied on its decay to bosonic
final states. H — 77 has a relatively small branching fraction of about 0.2%, but it has
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a very clean signature, with the two high energy photons producing a sharp peak in the
invariant mass spectrum. In the SM, the decay of the Higgs boson to photons, which occurs
only through loops, is dominated by the coupling of the Higgs boson to W bosons so this
channel also probes the Higgs boson coupling to W bosons. Another discovery channel
is H - ZZ* — 4l, where a search is conducted to identify a narrow mass peak over a
small, continuous background. The Higgs boson signal is characterized by two pairs of
isolated leptons, where each pair consists of two leptons with opposite charges and the same
flavor. In addition to these two primary channels, the Higgs boson has also been observed in
H — WW* — [vly. This decay mode is more challenging due to the presence of neutrinos
in the final states, which show up as missing energy in the detectors. For the same reason,

instead of invariant mass, a new observable transverse mass My is constructed,

My = \J(B + B gl i (1.60)

as an effective discriminant against backgrounds. This observable is not only useful for the
H — WW channel, but also in the H — ZZ channel when one of the Z decays into a pair
of neutrinos, which is studied in Chapter 3.

Fermion masses are generated through the Yukawa interactions in the SM after elec-
troweak symmetry breaking. One of the key properties of the Yukawa couplings in the SM
is that it is proportional to fermion mass and thus has a non-universal pattern, in contrast
to gauge couplings. Therefore, observations of the Higgs boson decays into fermions are of
fundamental importance to provide direct evidences of Higgs-fermion couplings and test the
predicted pattern of these couplings. The heaviest quark in the SM is top quark, thus it
has the strongest coupling with the Higgs boson among fermions. However, Higgs boson
decay into a pair of top quark is kinematically suppressed since top quark is heavier than the
Higgs boson. This coupling can be directly probed via ttH production. The most promising
channels to establish Higgs couplings to fermions are Higgs boson decays to third-generation
quark and lepton H — bb and 7t7~. H — bb is the dominant decay mode of the Higgs
boson, with a branching ratio of 58% and H — 777~ contributes to 6% of the total decay
width. Event rates are conceivable with such high branching ratios but the presence of huge

backgrounds makes the isolation of a Higgs boson signal very challenging. The most sensitive
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production mode for the search of H — bb is the Higgsstrahlung process which utilize the
leptonic W and Z decays to trigger and improve the signal-to-background ratio. One of the
key challenges in this search is to tag b-jets with high efficiency and low misidentification.
With the addition of large amounts of data at Run 2 and increase in signal rates, observation
of H — bb was obtained independently by both ATLAS and CMS in the V H production
mode. The observed significance of excess were 5.40 and 5.60 respectively [20, 21]. ATLAS
and CMS have also searched for H — bb in the VBF production mode, which is utilized
to constrain new physics scales in Chapter 5. The search for H — 77~ has the highest
sensitivity in the VBF production channel, although all production mechanisms are consid-
ered in experiments. At Run 1 of the LHC, the combined measurements of ATLAS and
CMS [18, 19] observed an excess of signal of 5.50 in H — 7777, but only with the larger
dataset of Run 2 data, the two experiments were able to independently discover H — 777~
with 6.40 and 5.90 respectively [26, 27]. In short, the establishment of Higgs boson couplings
to all third-generation fermions (t—, b—quark and 7 lepton) is one of the major achievements
at LHC Run 2.

Probing the Yukawa couplings to second- or even first-generation quarks is highly chal-
lenging due to the small signal rates and overwhelming backgrounds. Decay modes H —
wtp™ and H — cc are in active search. H — pu" ™~ has a very tiny branching ratio of about
0.02%, which is orders of magnitude smaller than its dominant background Z/v* — ptp~.
No excess of signal was observed at LHC Run 1. ATLAS and CMS have performed analysis
with full Run 2 data and employed deep learning algorithms to distinguish signal from back-
ground. They were able to achieve significances of 20 and 30 respectively [28, 29], which are
first evidence of the Higgs boson coupling to second-generation fermions. This decay mode
is currently limited by statistics, therefore with the upgrade of LHC Run 3, it is expected
to be discovered in the near future. H — c¢, on the other hand, has a much larger branch-
ing ratio of about 3% but its search is even more difficult. The challenges lie in enormous
multi-jet background, efficient triggering and accurate charm jet tagging. ATLAS and CMS
have carried out search for H — c¢¢ in the V H production mode and only upper limits can

be set. We have proposed a new approach to search for H — ¢¢ in Chapter 2.
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2.0 Higgs to Charm Quarks in Vector Boson Fusion Plus a Photon

Since the discovery of the Higgs boson (H) by the ATLAS [7] and CMS [8] collaborations,
determining its properties has become a high priority for the experiments at the LHC. Higgs
boson couplings to weak gauge bosons are governed by the spontaneous symmetry breaking of
the gauge theory, and have been well measured. However, the mass generation of fermions is
a distinctive question. In the Standard Model (SM), fermion mass terms emerge from Higgs
boson Yukawa interactions and thus the Yukawa couplings are proportional to the fermion
mass. Therefore, it is crucial to establish the pattern of the Yukawa couplings to fermions
in order to verify the SM and seek hints of Beyond-the-Standard-Model (BSM) physics. To
date, Higgs couplings to third generation fermions have been observed to bb [30, 31], tt [32, 33]
and to 777~ [34, 35, 36]. Direct observations of the Higgs couplings to the second generation
of fermions are thus of critical importance to further confirm the non-universal pattern of
Yukawa couplings [37, 38]. Because of its distinctive experimental signature, the decay mode
H — p*p~ via the gg fusion production [39] and the vector-boson fusion production (VBF)
[40] is promising to be observed in the near future [41, 42]. Testing the Higgs Yukawa
coupling to the charm quark (y.), on the other hand, is known to be challenging at hadron
colliders due to the formidable QCD backgrounds.

At the LHC, billions of pp collisions happen every second but only a small fraction of
these events will be recorded due to limitations in data storage capacity and rate limitations
of the detector readout electronics. The judicious selection of events as using triggers such
as isolated leptons, photons, or jets with high transverse momentum, are needed to record
events of physical interest. Searching for the decay mode H — c¢ with limited energy for the
decay products requires incorporating the Higgs boson production mechanism to develop an
efficient trigger strategy. There are currently two experimental probes of the charm-Yukawa
coupling at the LHC. One approach is to use Higgs association production with a leptonically
decaying Z boson (ZH channel) [43, 44]. The ZH channel provides a bound on p of 110
for 36.1 fb~! of data, where yu is defined as the ratio of the new physics cross section and

the SM expectation. An extrapolation of the ATLAS analysis leads to a projection of u <
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6 using 3 ab™" at the HL-LHC [45]. A recent preliminary result from ATLAS improves the
sensitivity to u < 26 by utilizing 139fb~* and the leptonic decays of the W boson as well as Z
to invisible decays [46]. A similar result from CMS also incorporating associated production
with a W boson, Z to invisible decay modes and utilizing substructure techniques yields an
observed constraint of y < 70 [47]. The LHCb experiment has provided limits using 1.98 fb™*
of data, providing an observed constraint of p < 6400 [48], with a projection of an upper
limit on the u of 50 after collecting 300 fb! of data at 14 TeV assuming no improvements
in the detector performance or analysis [49].

Another approach does not rely on tagging charm quarks from the Higgs decay, but
instead uses the decay of a Higgs boson H — J/¢ + v [50, 51, 2, 52, 53], a process that has
been searched for by ATLAS [54, 55] and CMS [56]. This process gives a looser bound on
charm-Yukawa coupling of 50 times the SM prediction even at the HL-LHC [57], due to the
contamination from H — " with a vector meson dominance in +*-.J/1 mixing, which is
about an order of magnitude larger than that from the direct Hcé coupling [50, 2, 58].

In Table 6, we collect the current results from the LHC searches (upper two rows) and the
HL-LHC projection (lower two rows). For the V' H channel, the HL-LHC projections at CMS
are estimated by simply scaling for the signal strength p from the increase of the luminosity.
We further translate the results to estimate the sensitivity to the modification from the SM
coupling ., = y2M /y3M as described in Sec. 2.2.3. For the channel H — J/1 + 7, k. does
not have a simple relation with u due to the contamination from H — ~+* as noted above.
It is instead estimated using Eq. (53a) in [2].

Rather than search for H — c¢, it has also been proposed to constrain y. by requiring
a charm tag in the production g¢ — Hc with H — ~7. This channel yields a 95% CL,
limit on k. ranging from 2.6 to 3.9 at HL-LHC, depending on theoretical uncertainties [60].
An attempt to perform a global fit for the Higgs couplings may lead to a tighter bound on
the charm-Yukawa coupling [53, 61, 62, 63|, with a few model-dependent assumptions. In
particular, a 95% CL; upper bound on k. of 1.2 at HL-LHC is claimed in [62], obtained
from the upper limit of branching ratio of Higgs boson decays to untagged BSM particles
assuming |ky| < 1. Exploiting kinematic information of the Higgs boson, such as transverse

momentum distribution and rapidity distribution, was proposed in probing the light-quark
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Channel o(VH) x B(H — c¢) B(H — J/v7)
Experiment ATLAS CMS LHCb ATLAS
Data set 13 TeV 13 TeV 8 TeV 13 TeV
139 fb~" | 35.9 fb! 1.98 fb~! 36.1 b~
1 (95% CL,) | 26 [46] | 70 [47] 6400 [48] 120 [55]
HL-LHC on x| 6.3 [45] 7.7% | 50 (300 fb™1) [59] 15 [57]
HL-LHC on . | 2.7 3.17 7 (300 fb1) [49] 50t

Table 6: Summary of existing search results at the LHC (upper two rows) and the HL-LHC
projection (lower two rows). The CMS entry marked with * is scaled from the reported u
value to higher luminosity. The entries marked with ¥ were computed from the reported s
values (see Sec. 2.2.3.) The entry marked with T is scaled according to the description in

the text following [2].

Yukawa couplings [64, 65, 66] and implemented in a combined fit by CMS [67]. The asymme-
try between W and W~ production has also been proposed to constrain g, [61, 68]. It has
also been proposed to constrain y. using Di-Higgs production [69, 70]. There are proposals
to further enhance the sensitivity of H — cc¢ by utilizing an additional photon radiation
(71, 72, 73].

In this work, we propose a novel approach to probe the Yukawa coupling of charm quark
via VBF for the Higgs boson production with an additional photon. This work builds off of
the idea of introducing a new subset of the VBF production mode utilizing photon radiation
as an additional handle [74, 75, 76, 77, 78, 79, 80] for triggering and background suppression.
The new channel we propose can provide complementary information to the existing searches
using the WH and ZH channels.

The rest of the chapter is organized as follows. We first lay out our search strategy
in Sec. 2.1, in particular a proposal for triggering the signal events. We then present our

analyses and the results in Sec. 2.2, including HL-LHC projections.
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2.1 Proposed search strategy

The decay branching fraction for H — c¢ is about 3%, which leads to a cross section
about 0.1 pb (1 pb) from the VBF (gg) production at the 13 TeV LHC [81]. This yields
a sizeable signal sample with the currently achievable luminosity. However, the process
H — cc is not only difficult to trigger, but also challenging to distinguish from large QCD
multi-jet background. More sophisticated search strategies should be developed to reach the
needed sensitivity for signal observation. First, the VBF channel has striking experimental
signature where a central Higgs boson is accompanied by two light jets with a large rapidity
gap. Second, the addition of the photon improves the trigger efficiency compared to what
can be achieved using only multi-jet final states as well as suppresses the gluon-rich dominant

multi-jet background. We therefore propose to search for the signal process
pp — qqH~ with H — cc. (2.1)

Our signal process has distinctive features, which are characterized by two c-jets from the
Higgs boson decay and an energetic photon in the central region, with two light jets separated
by a large rapidity gap. The dominant background is QCD multi-jet production associated
with a photon, where at least two jets are tagged (or mistagged) as c-jets. Other backgrounds
include Zv-+jets and VBF Higgs production+y with H — bb, where both b-jets are mistagged
as c-jets. However, their contributions are expected to be much less significant than the
QCD multi-jet background, thus not included in this analysis. The representative Feynman
diagrams of the signal and leading background are shown in Fig. 5 for illustration.

Our analyses are designed to isolate the signal based on their kinematic features, de-
scribed in detail in Sec. 2.2. To estimate the achievable sensitivity to the signal at the
hadronic collider environment, we use simulated events from Monte Carlo tools. With the
very large hadronic production rate at the LHC, the trigger system is designed to record
events of physical interest. For the relatively soft final states in our signal process, a dedicated

trigger strategy is essential to record the signal events.

28



w
H
____’.____
w h
c
q > »- q q

Figure 5: Representative Feynman diagrams of the signal channel (left) and QCD multi-jet
background (right)

2.1.1 Monte Carlo simulation

Our targeted signal as seen in Eq. (2.1) is H — ¢¢ plus an additional . Both signal
and QCD multi-jet background are generated at LO with MG5@QMCNLO v2.6.5 [82] at
the pp collider center of mass (c.m.) energy /s = 13 TeV using the PDFALHC15 nlo_mc
PDF's [83]. The Higgs boson in the signal process is then decayed into c¢ by MadSpin [84].
The renormalization and factorization scales are set to be at the EW scale of the W-mass
(mw). To enhance generation efficiency, both samples are generated with the following
parton-level requirements, which are slightly looser than the thresholds used in analysis. We
require two VBF jets inside the detector acceptance in pseudo-rapidity (1), with transverse

momenta

ph > 35GeV, |n;| <5, (2.2)

and an isolated photon in the central region with transverse momentum
pr > 25GeV, |n,| < 3. (2.3)

The parton shower and hadronization are simulated with Pythia8 [85] and a fast de-
tector simulation is implemented with Delphes3 using the default cards [86, 87]. Jets are

reconstructed using the anti-k; algorithm [88] with a radius parameter

R =04 (2.4)
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After these basic acceptance cuts, the cross-sections of signal and leading background pro-
cesses at different center-of-mass energies are listed in Table 7 using the same calculation
set-up. We see that the signal rates are sizeable with the current and anticipated luminosi-
ties. However, the signal-to-background ratios are quite low, roughly at the order of 1072,

rendering the signal identification extremely challenging.

13 TeV | 14 TeV | 30 TeV | 100 TeV
ovBF4+y (Pb) 0.024 0.027 0.099 0.43
Opp—j+r (PD) 830 940 3700 21000

Table 7: Cross sections of signal and background at different center-of-mass energies, with

the basic acceptance cuts in Sec. 2.1.1.

2.1.2 Proposed trigger strategy

The ATLAS [89] and CMS [90] experiments both contain a two-level trigger system.
The first level, or level-1, trigger system is composed of custom electronics while the second
level, or high-level trigger (HLT) runs software algorithms. The level-1 trigger systems of
both experiments currently only utilize information from the calorimeter or muon subs-
systems, and as a consequence, have shared items to trigger on electrons and photons [91].
Furthermore, due to the importance of selecting electrons with pr & my, /2, approximately
25% of the total level-1 rate is devoted to electron/photon triggers. More information on the
breakdown of rate and specific implementation can be found in the documents describing
the ATLAS trigger menu [92, 93, 94, 95].

After events have been selected from the level-1 trigger using a single EM object, these
events can be used to seed a variety of triggers in the HLT, including requiring additional
VBEF jets or jets with a b-tag to reduce the rate. Relevant to our current considerations, the

ATLAS analyses described in [96, 97] utilize a trigger with the following offline requirements:

e Photon E] > 30 GeV;
e At least four jets with pjT > 40 GeV;

30



o At least one pair of jets with m;; > 700 GeV;

o At least one b-tagged jet with 77% efficiency.

There are also VBF triggers described in [95, 98] with higher m,; threshold and jet pr
threshold, which would have a lower acceptance for the genuine VBF events. To develop a
trigger for H — c¢ final states, it seems plausible that the trigger described above for H — bb
could be modified for charm final states, by either requiring a charm tag or by raising the
m;; threshold. We leave the exact details and optimization to the experiments, and proceed

by providing motivation for the use case of such a trigger.

2.2 Analyses and results

2.2.1 Cut-based analysis

To obtain a physical intuition on the characteristics of our signal and background pro-
cesses, we start with a simple cut-based analysis which utilize thresholds on different kine-

matic observables.

Pre-selections
The event pre-selections, inspired by [96, 97|, aim at capturing the basic features of a VBF

signal. We require a photon in the central region with
pr > 30 GeV, |7 <1.37 or 1.52 < || < 2.37. (2.5)
Events are required to have 4 jets with
Pl > 40 GeV and |1’] < 4.4. (2.6)

At least 2 jets in the central region |n?| < 2.5 are required to be c-tagged using fixed efficiency
values depending on the truth flavor of the jet inspired by [44]. Charm jets are assumed to
have a tagging efficiency of 41%, while b-jets have a contamination probability of 25% and
light jets a contamination probability of 5%. The two highest-pr c-tagged jets are identified

as signal jets from Higgs boson decay while the remaining jets are identified as the VBF jets.
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The VBF jet pair is required to have invariant mass of at least 800 GeV so that the trigger
requirement is fully efficient. In addition, the signal c-jet pair is required to have pf > 80

GeV to remove potential bias in m,. distribution caused by the pff thresholds in the trigger.

Optimized analysis selections

In order to exploit the full phase space of the kinematic features, we choose several additional
kinematic observables which are useful to further distinguish signal and background. The
distributions of these observables after the pre-selections are shown in Figure 6 and 7.
In addition to the pre-selections, we make some further judicious cuts based on the signal
kinematics as follows. The invariant mass of the VBF jets (and photon) is large due to their

back-to-back nature, so we require
Mjj, My > 1000 GeV. (27)

The transverse momentum of the VBF jet pair is governed by the W/Z exchange and thus

relatively low. We limit their value to be
P = P+ pP?| < 300 GeV. (2.8)

Since final states from electroweak processes tend to be more back-to-back than the QCD

multi-jet background, we select events with the following ratio between the magnitudes of

the vector and scalar sums of the jets and photon momenta

pbalance _ |ﬁ%l +ﬁ%2 +ﬁ%1 +ﬁ%2 +ﬁ%| < O 2)

n = —= . )
Pr 4 0%+ 05+ R+ o)

(2.9)

Furthermore, because VBF signal features a large rapidity gap between the two forward-
backward jets, events with large pseudo-rapidity separation between the two jets are selected
for

Ang; = |nj, — mj| > 4. (2.10)

The reason that the multi-jet background also peaks at a relatively high value in Figure 6 is

due to the m;; requirement in the pre-selections.
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Figure 6: Distributions of useful observables for signal (blue) and multi-jet background (red)

after pre-selections.

As the photon is not radiated from c-jets from Higgs decay in our signal process, the

angular separation between the signal c-jets and the photon tends to be larger in contrast
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Figure 7: Distributions of useful observables for signal (blue) and multi-jet background (red)

after pre-selections.

to the QCD processes. Therefore, we require

AR(CLg,’Y) > 14, (211)
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where c; 5 are leading and sub-leading c-jets. We also make use of the centrality of the
photon relative to the VBF jets and require
Yoy — Yj11yj2
centrality = | ~—2—| < 0.35, (2.12)
Yi1 — Yj2
where y is the rapidity of the jet or photon.! Additionally, we utilize the azimuthal angular

information on the transverse plane and require
Ag(ce,j7) > 2.3, A¢(jj) <2.1 (2.13)

It should be noted that the A¢(jj), which is motivated by [99], has not been used to our
knowledge before in the H — bb searches. We then require the invariant mass of the c-jets

and photon system

Meey < 700 GeV. (2.14)

Since this observable is highly correlated with m.., we choose a relatively loose cut here.
The invariant mass of the signal c-jet pair m,. is used as the final discriminant. After

the above selection requirements, the distribution of m.. is shown in Fig. 8. As expected,
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Figure 8: Distribution of the invariant mass of the signal c-jet pair after cuts.

the Higgs signal peaks at my ~ 125 GeV, while the multi-jet background has a more flat

'For a massless object, the rapidity y reduces to the pseudo-rapidity 7.
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shape. Anticipating finite jet-mass resolution, we therefore require the c-jet pair to be in the

Higgs mass window

100 GeV < my, < 140 GeV. (2.15)

The expected numbers of events from signal and background of integrated luminosity 3 ab™*
are shown in Table 8. The truth flavor components of the c-tagged jet pairs in background
are also shown in Table 8. The major component is true c-jet pair as expected, but it should
also be noted that the sub-leading components mainly involve light jets mistagged as c-jet.
This suggests that improving the discrimination between c-jets and light jets can enhance

the significance of such search.

Cut-Based

S B

2.8 x 106
Pre-selections 31
(cc: 38%, cb: 5.6%, cj: 28%, bb: 4.6%, bj: 5.7%, jj: 18%)

Optimized selections | 7.4 8.8 x 104
mass cut Eq. (2.15) | 5.1 1.2 x 104

S/\/B 0.047

Table 8: Expected yields of signal and multi-jet background at the HL-LHC with 3 ab™*

from a cut-based analysis.

2.2.2 Multivariate analysis

Recent analyses of data in high energy physics have made extensive use of machine
learning techniques, including the use of boosted decision trees (BDT) [100, 30, 31]. To
improve the sensitivity reached by the simple cut-based studies in the last section 2.2.1,
a multivariate analysis is employed, starting with only the pre-selection cuts. A BDT is
trained using the TM VA [101] package with the same set of observables shown in Figures 6

and 7 as inputs.
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The BDT is constructed by 850 trees, each with maximum depth of 3. A small depth
is chosen because they are less susceptible to over-training but still perform very well with
the aid of boosting algorithms. At each node of a tree, events are split into two subsets
by cutting on an observable. The performance of the separation is assessed by Gini Index,
defined by p(1 — p) where p is the ratio of signal events to all events in that node. Therefore,
a pure signal or background node corresponds to a zero Gini Index. The event sample is
randomly split by half into training and test samples, where the former is used for BDT
training and the latter is used for analysis and deriving limits. The distribution of the BDT
score from signal and background along with a receiver operator characteristic (ROC) curve
are shown in Figure 9. The background rejection in the ROC curve on the right panel is
defined as one minus the background survival probability after the selection cuts. The BDT
performs as expected with a positive score as more “signal-like” and a negative score as more
“background-like”. We can see that the separation between signal and background is fairly
well. The test sample distribution is superimposed with the training sample distribution,
showing similar performance and thus indicates no occurrence of over-training.

To maximize the sensitivity, instead of a single cut, the BDT score is divided into three
signal regions: low signal region with BDT score from -0.07 to 0.01, medium signal region
with BDT score from 0.01 to 0.08, and high signal region with BDT score > 0.08, as indi-
cated in Table 9. The invariant mass distribution of the c-jet pair is not used in the BDT
training but as a final discriminator and shown in Figure 10. The invariant mass distribution
mee could be included in the BDT training to improve the separation between signal and
background. However, as is commonly practiced by experiments, we reserved m,. as a most
discriminative variable that can be used in a combined fit for signal plus background. A
mass window of 100 GeV—140 GeV is again selected in the m,. distribution. The expected
numbers of events from signal and background of integrated luminosity 3 ab™" are shown
in Table 9 for different BDT score intervals. With the BDT cut, we can reach a signal
efficiency (background rejection in the interval of BDT score) of 15% (72%), 28% (85%)
and 51% (95%) in the low, medium and high signal region respectively. In comparison, the
signal efficiency (background rejection) of the optimized selection cuts in Sec. 2.2.1 is 24%

(97%), shown together with the BDT ROC curve on the right panel in Figure 9. For the
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Figure 9: The distribution of the BDT score with low, medium and high signal region defined
as —0.07-0.01, 0.01-0.08 and > 0.08 respectively (top) and receiver operating characteristic
(ROC) curve of the BDT (bottom).

same background rejection, BDT can achieve a signal efficiency of 40%, outperforming the
cut-based analysis. The overall significance is calculated by combining the significance in
the three signal regions in quadrature, with the largest contribution coming from the high
signal region. A relative change in significance of roughly 50% is seen, where the relative
change is defined as (§BPT — gout-based) /seut-based - andq § = §//B.

Like the other extrapolations to the HL-LHC [102, 45], we have not considered the effects
from the systematic errors. On the one hand, it is important to include the systematic effects
to draw robust conclusions, especially given the rather small S/B for the signal searches.
On the other hand, the systematic effects due to the background measurement are largely
unknown for the HL-LHC. We believe that when the large data sample becomes available,

the systematic errors may be controlled to a desirable level of a few percent or lower.

2.2.3 HL-LHC sensitivity to the charm-Yukawa coupling

The expected 95% CL, upper limit on the signal strength p in the absence of systematic
uncertainties is approximated by 2vB /S. The BSM modification of the charm-Yukawa
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Figure 10: Distribution of the invariant mass of the signal c-jet pair for events in different

BDT score intervals, corresponding to the categories: low, medium and high signal.

coupling is parametrized using the k-scheme as

ye ™M = k™, (2.16)

then the number of signal events would approximately scale as

2
Nyy =~ e ySM (2.17)
s1g — /‘{',2 s1g ) :
H

where kg denotes the BSM modification of the Higgs width. In principle, kg depends on all
BSM modifications of SM Higgs decay channels and any new channels. If we assume that
k. is the only non-SM modification, the upper limit on the signal strength can be translated
into limit on the charm-Yukawa coupling:

l'i2

= ¢ 2.18
P T B2 — 1) (2.18)

which are shown in Table 10, in comparison with some of the existing literature.

39



Low signal Medium signal | High signal

S B S B S B
BDT cut 45| 7.6x10° |85 | 4.1x10° | 16 | 1.5 x 10°

mass cut Eq. (2.15) | 2.4 | 1.1 x 10° | 5.5 | 8.2 x 10* | 11 | 2.8 x 10*

S/VB 0.0073 0.019 0.066
S/+/B combined 0.070

Table 9: Expected yields of signal and multi-jet background at the HL-LHC with 3 ab™*
from a BDT analysis.

2.2.4 HE-LHC and 100 TeV sensitivity to the charm-Yukawa coupling

It is natural to ask to what extend the probe to the charm-Yukawa coupling can be
improved at the future higher energy hadron colliders, such as the HE-LHC [103] and the
FCC-hh [104]. The answer obviously depends on the detector performance of the charm-
tagging, photon detection, and the QCD jet rejection, we nevertheless perform a crude
estimate the sensitivity reach by assuming the same detector performance as the HL-LHC
study. The sensitivity is estimated by extrapolating the HL-LHC performance as shown

in the previous sections. We again calculate the signal cross section and the leading QCD

Cut-based | BDT || ZH [45] | Fit [62] | Hc [60] | H — ccy [72]
" 43 29 6.3 - - 75
Ke - 13 2.7 1.2 2.6 -3.9 8.8

Table 10: The expected 95% CL, upper limit on the signal strength and the charm-Yukawa
coupling from this analysis using 3 ab™! of data at 13 TeV, respectively, in comparison with

other searches as quoted.
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background for /s values of 30 TeV and 100 TeV. By scaling the expected number of signal

and background events for /s = 13 TeV to higher energies, we extrapolate the sensitivities,

assuming the same luminosity of 3 ab=! as shown in Table 11.

NG 13 TeV | 30 TeV | 100 TeV
S/v/B (3ab™') | 0.07 0.14 0.25
K. reach 13 5 3

Table 11: Expected sensitivity by scaling the collider c.m. energy /s.

We have assumed that the cross section increase from /s = 13 TeV to higher energy

values does not change as a function of kinematic variables that are used as input to the

BDT. Since both signal and background cross sections increase approximately linearly with

center-of-mass energy, we see that the sensitivity scales roughly as the square root of center-

of-mass energy for the same integrated luminosity, reaching S/v/B of 0.25 and &, ~ 3.
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3.0 Off-shell Higgs Couplings in H* — ZZ — (lvv

Following the discovery of the Higgs boson at the Large Hadron Collider (LHC) [14, 105,
106, 107, 108], understanding the properties of this unique particle has become a primary
focus in the search for new physics beyond the Standard Model (BSM). The Higgs boson’s
mysteries encompass various puzzles, such as the mass hierarchy between the unprotected
electroweak (EW) scale (v) and the Planck scale (Mpy ), neutrino mass generation, potential
connections to dark matter, and the nature of the electroweak phase transition in the early
universe. Precision examinations of the Higgs boson’s properties hold the potential to reveal
new physics effects at higher scales. Specifically, new physics at a scale A could result in
effects of the order v?/AZ.

Up to this point, measurements at the LHC based on the Higgs signal strength have been
consistent with Standard Model (SM) predictions. However, these measurements have pri-
marily focused on on-shell Higgs boson production, exploring Higgs properties at low energy
scales around v. It has been suggested that studying the Higgs physics at a higher scale @)
could enhance sensitivity as Q*/A?. A particularly interesting approach is investigating the
Higgs sector across different energy scales using the sizable off-shell Higgs boson rates at the
LHC [109, 110, 111, 112, 113]. While off-shell Higgs new physics sensitivity is typically de-
rived at the LHC through the H* — ZZ — 4/ channel [114, 115, 116, 117, 118, 119, 120, 121],
we demonstrate in this study that extending the analysis to the ZZ — ¢fvv channel can sig-
nificantly contribute to potential discoveries. Despite the presence of two missing neutrinos
in the final state, this channel offers two key advantages for probing the high-energy regime
with sufficient statistics. Firstly, it exhibits a six-fold higher event rate compared to the four
charged lepton channel. Secondly, the transverse mass for the ZZ system provides a precise
phenomenological probe to the underlying physics, setting the physical scale Q2.

In this chapter, we expand on previous studies by conducting comprehensive analyses

for an off-shell channel in Higgs decay

pp— H* = 27 = (70" v, (3.1)
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where ¢ = e, and v = v, v,, .. Our focus lies on the leading production channel of the
Higgs boson via gluon fusion, benefiting from the clean decay modes. Initially, we explore
a theoretical scenario incorporating additional unobserved Higgs decay channels, leading to
an increased Higgs boson width (I /T3 > 1). The distinctive dependence of the on-shell
and off-shell cross-sections on the Higgs boson width enables precise measurements of this
crucial aspect of the Higgs sector. To enhance signal sensitivity, we employ Machine-learning
techniques in the form of Boosted Decision Trees (BDT). This analysis serves as a foundation
for subsequent investigations. Next, we delve into the effective field theory framework,
capitalizing on the characteristic energy-dependence of certain operators. Additionally, we
address a more general hypothesis featuring a non-local momentum-dependent Higgs-top
interaction [121], represented by a form factor, which generically represents the composite
substructure. Overall, our goal in this chapter is to underscore the complementarity across
various frameworks [117, 116, 122, 118, 119, 120, 121], utilizing the promising process at
the LHC H* — Z(¢0)Z(vv). This encompasses models predicting invisible Higgs decays,
the effective field theory approach, and the non-local form-factor scenario. Our results
demonstrate significant sensitivities at the High-Luminosity LHC (HL-LHC) to the new
physics scenarios considered here, surpassing existing literature.

The remaining part of this chapter is structured as follows. In Sec. 3.1, we calculate the
Higgs width limit at HL-LHC. Subsequently, in Sec. 3.2, we investigate the sensitivity to
new physics within the effective field theory framework. Then, in Sec. 3.3, we analyze the
effects of a non-local Higgs-top form-factor. Finally, we present a summary table in Table.12
for comparing our reach of new physics scale with other channels and existing literature. We

conclude our study in Chapter 6.

3.1 Higgs Boson Width Determination

The combination of on-shell and off-shell Higgs boson rates addresses a significant limi-

tation of the LHC, specifically the Higgs boson width measurement [109, 110]. This method
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Figure 11: Representative Feynman diagrams for the DY ¢¢ — ZZ (left), GF g9 — ZZ

Nel

continuum (center), and s-channel Higgs signal gg — H* — ZZ (right).

overcomes the degeneracy present in on-shell Higgs coupling studies

on-shell g; (my )9? (M)
i—H—f PH s

(3.2)

where the total on-shell rate can be held constant under the transformation g; f(mpy) —
£gi.p(my) with Ty — £*T'y. However, the off-shell Higgs rate, due to its sub-leading depen-
dence on the Higgs boson width I'y

oyt o g7 (VE) g7 (V) (3.3)

breaks this degeneracy. Here, v/§ represents the partonic center-of-mass energy character-
izing the scale of the off-shell Higgs. Notably, if new physics effects result in the same
coupling modifiers in both kinematical regimes [117, 116, 118, 119], the relative measure-
ment of the on-shell and off-shell signal strengths can unveil the Higgs boson width, given
by fioftshen/ fon-shen = L' /T3,

In this section, we present a projection for measuring the Higgs boson width at the high-
luminosity LHC with a center-of-mass energy of /s = 14 TeV, focusing on the ZZ — 202v
final state. The signal channel is defined as in Eq. (3.1), where two same-flavor opposite
sign leptons (¢ = e or p) reconstruct a Z boson and recoil against a large missing transverse
momentum from Z — vv. The main backgrounds for this search include the Drell-Yan (DY)
processes q@ — ZZ,ZW and the gluon fusion (GF) process gg — ZZ, as shown in Fig. 11.

While the Drell-Yan component exhibits the largest rate, the gluon fusion box diagrams

44



T g 35F i 8 T
& 10 — Signal g L — Signal g é 14f — Signal
2 — Background % 3L — Background g Z F — Background
E%J'_ z | ? Z 13
% 107 Z 250 2 =2 r
%\ : ?? 1,2:7
- b //gé 1.1 _
107 [ /? / / - '
1074 : //r/// 0'9 /////
(WAAA LA A A AN AR A AN Ay A A %%/////////////‘% f%///lllz///////AAA XA AAAANUAANNY o A A s
200 300 400 500 600 700 iié)gissg[oeeaoo 0 01 02 03 04 05 06 07 08 ggsq)l 0 01 02 03 04 05 06 07 08 g.gs e1

Figure 12: Normalized distributions for the missing transverse momentum E¥s (left panel),
azimuthal ¢ (central panel) and polar 6 angles (right panel) of the charged lepton ¢~ in the

7 boson rest frame.

interfere with the Higgs signal, contributing significantly, particularly at the off-shell Higgs
regime [109)].

In our calculations, we generate the signal and background samples using MadGraphb
aMC@NLO [82, 123]. For the Drell-Yan background, we employ the NLO MC@QNLO al-
gorithm [124]. To account for higher-order QCD effects in the loop-induced gluon fusion
component, we include a universal K-factor [111, 125]. Spin correlation effects for the
decays of the Z and W bosons are incorporated using the MADSPIN package [84]. The
renormalization and factorization scales are set based on the invariant mass of the gauge
boson pair, @ = myy /2, using the PDF set NN23NLO [126]. To account for hadronization
and underlying event effects, we utilize PYTHIA8 [85], while detector effects are considered
with the DELPHES3 package [86].

We initiate our analysis by applying some basic lepton selections. Specifically, we require
two same-flavor and opposite-sign leptons satisfying |n,| < 2.5 and pr, > 10 GeV, within
the invariant mass window of 76 GeV < my < 106 GeV. To suppress SM backgrounds, we
impose a large missing energy selection of E > 175 GeV and a minimum transverse mass

for the ZZ system, with m%%? > 250 GeV, defined as
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2 2
= \/< my + p?r(ee) + my + (E{/“HISS)Q) - ‘?TZ + E?SS (3.4)

We verify the consistency of our event simulation and analysis setup by conducting a

cross-check with the ATLAS study presented in Ref. [112].

To further control the large Drell-Yan background, we implement a Boosted Decision
Tree (BDT) using the Toolkit for Multivariate Data Analysis with ROOT (TMVA) [127].
The BDT is trained to distinguish between the full background events and the s-channel
Higgs production. The variables utilized in the BDT include the missing transverse energy,
the momenta and rapidity for the leading and sub-leading leptons (p%, nt, p?,n?), the lead-
ing jet (p]Tl ,1’1), the separation between the two charged leptons ARy, the azimuthal angle
difference between the di-lepton system and the missing transverse energy A¢(p,, E%ﬂss),
and the scalar sum of jets and lepton transverse momenta H7. Additionally, we include the
polar 6 and azimuthal ¢ angles of the charged lepton ¢~ in the Z rest frame [128, 129]. For
the Z rest frame’s coordinate system, we adopt the Collins-Soper frame [130]. In Fig. 12,
we illustrate the signal and background distributions for these observables. Significant dif-
ferences between the s-channel signal and background can be observed in the (6, ¢) angle
distributions. These kinematic features arise from the different Z boson polarizations for
the signal and background components at the large di-boson invariant mass m#%? [118, 131].
While the s-channel Higgs tends to have Z; dominance, the DY background is mostly Zr
dominated.

We present the effectiveness of the implemented BDT analysis in separating the s-channel
Higgs from the background contributions in Fig. 13. The BDT discriminator is defined in the
range [—1, 1], where events with a discriminant close to —1 are classified as background-like,
and those close to 1 are signal-like. The optimal BDT score selection has been determined
using TMVA. To assess the BDT treatment’s effectiveness, we find that at an integrated
luminosity of 273 fb™', one can achieve S/+/S + B = 5 with a signal efficiency of 88% and
a background rejection of 34%, by setting the requirement BDT\esponse > —0.26. With the
dominant backgrounds qq — ZZ, ZW effectively controlled, we proceed with the new physics
sensitivity study.

To maximize the sensitivity of the Higgs width measurement, we focus on the most
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Figure 13: BDT distribution for the s-channel Higgs signal (red) and background (blue).
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sensitive variable, the m#Z distribution, and perform a binned log-likelihood ratio analysis.
Fig. 14 displays the 95% confidence level (CL) on the Higgs width 'y /T'2M as a function
of the /s = 14 TeV LHC luminosity. To assess the relevance of the multivariate analysis,
which specifically explores the observables (EX 6, ¢) depicted in Fig. 12, we present the
results in two analysis scenarios: the cut-based analysis in blue and the results accounting
for the BDT-based framework in red. The significant sensitivity enhancement due to the
BDT demonstrates the importance of considering the full kinematic dependence, including
the Z-boson spin correlation effects. The Higgs width can be constrained to 'z /T3 < 1.35
at the 95% CL level following the cut-based analysis, while the BDT-based study achieves
Iy /T2M < 1.31 assuming £ = 3 ab™! of data. Consequently, the BDT limits improve the
final Higgs width sensitivity by approximately 5%. These results are competitive with the
HL-LHC estimates for the four charged lepton final state derived by ATLAS and CMS, where
the respective limits are T'y/T2M < O(1.3) and O(1.5) at the 68% CL [3, 4].
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Figure 14: 95% CL bound on the Higgs width T'y /T3 as a function of the /s = 14 TeV
LHC luminosity. We display the results for the cut-based study (blue) and BDT-based

analysis (red).

3.2 Effective Field Theory

The Effective Field Theory (EFT) offers a coherent framework to describe beyond the
Standard Model (SM) effects when there is a mass gap between the SM and new physics
states. In this context, the new physics states can be integrated out, and their effects can
be parametrized in terms of higher dimension operators [132]. In this section, we adopt the
EFT framework [133, 134] to parametrize the new physics effects. Instead of conducting a
global coupling fit, we focus on a relevant subset of higher dimension operators that influence
Higgs production through gluon fusion. This allows us to explore the new physics sensitivity
specifically for the off-shell pp — H* — Z(0¢)Z(vv) channel. Our effective Lagrangian can

be written as

Qg v
< DCQW|H|2G“VG“ + ¢

u
’02

\H|[?Q  Htr + h.c. | (3.5)

where H is the SM Higgs doublet and v = 246 GeV is the vacuum expectation value of the

SM Higgs field. The couplings are normalized in a way that facilitates future convenience. To
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Eq. (3.6) display deviations on the coefficients x; and x, from the SM point (kq, kg) = (1,0).

establish a connection with the new physics scale A, the scaling of the couplings is as follows:
¢y and ¢, are proportional to v?/A? where v represents the electroweak symmetry breaking
scale. After electroweak symmetry breaking, Eq. (3.5) yields the following interaction terms

involving a single Higgs boson
aS [ 2 mt 1
Z D /ig—127wHGWG o H (tgty, +h.c.) | (3.6)

where the coupling modifiers ,; and the Wilson coefficients ¢, are related by x, = ¢, and
kit = 1 —Re(¢). In Fig. 15, we present the Feynman diagrams for gg — ZZ that incorporate
the effects of the new physics couplings mentioned earlier.

While Eq. (3.5) represents only a subset of high-dimensional operators affecting Higgs
interactions [133, 134], we focus on it to highlight the effectiveness of off-shell Higgs measure-
ments in resolving a well-known degeneracy involving these terms. The gluon fusion Higgs
production at the low-energy regime can be well approximated by the Higgs Low Energy
Theorem [135, 136], where the total Higgs production cross-section scales as ogr o |k, + Kgy|?.
Consequently, low-energy measurements, such as on-shell and non-boosted Higgs production
(137,138, 139, 140, 141, 116, 142, 118, 143], are incapable of resolving the |x; + £4| = constant
degeneracy. Although the combination of t¢H and gluon fusion Higgs production has the
potential to break this degeneracy [144], we will demonstrate that Higgs production in the

off-shell regime can also make significant contributions in resolving this degeneracy.
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Figure 16: Transverse mass distributions m%? for the DY and GF Z(¢¢)Z(vv) processes.
The new physics effects are parametrized by deviations from the SM point (¢, k) = (1,0).
We follow the benchmark analysis defined in Sec 3.1.

Given that the Higgs boson predominantly decays into longitudinal gauge bosons in the
high-energy regime, it is instructive to examine the signal amplitude for the longitudinal
components. At myzz > my, myg, mz, the amplitudes associated with each contribution
depicted in Fig. 15 can be approximated as follows [145, 116, 118]

2 2
M0 o my loo? Mzyz
t ~ 2

2 9
2ms, m;
2
MO0 _Mmzz
g ~ 2m2 ’
z
2 2
++00 Ty 2 Mzz
Mc ~ _2 2 5 - (37)

Two important observations can be made. First, both the s-channel top loop amplitude M,

and the continuum amplitude M, exhibit logarithmic dependencies on mzz/m; in the far
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off-shell regime. In the Standard Model scenario, the ultraviolet logarithm between these
two amplitudes cancels out, ensuring a proper high-energy behavior when calculating the full
amplitude. Second, there is a difference in sign between the s-channel contributions M, and
M. This results in a destructive interference between M, and M., whereas a constructive
interference is observed between M, and M,. These interference effects play a crucial role

in the subsequent exploration of new physics sensitivity with higher precision.
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Figure 17: 95% CL bound on the coupling modifiers x; and k, when accounting for the
off-shell Higgs measurement in the Z(¢¢)Z(vv) channel. We assume the 14 TeV LHC with
3 ab™! of data.

By taking advantage of the larger rate for ZZ — (lvv compared to ZZ — 44 [116,
117, 118], we explore the off-shell Higgs physics at the High-Luminosity LHC (HL-LHC).
To fully simulate the loop-induced effects, we incorporate Eq. (3.6) into FeynRules/NLOCT
[146, 147] by introducing a new fermion state and adjusting its parameters to match the
low-energy Higgs interaction HG,, G* [135, 136]. The Feynman rules are then exported to
a Universal FeynRules Output (UFO) format [148], and Monte Carlo event generation is
performed using MadGraph5aMC@NLO [82].

In Fig. 16, we present the Drell-Yan (DY) and gluon-fusion (GF) m#Z distributions for
various signal hypotheses. The bottom panel displays the ratio between the gluon fusion

beyond the Standard Model (BSM) scenarios and the gluon fusion in the Standard Model
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(SM). Consistent with Eq. (3.7), we observe a suppression of the full process when accounting
for the s-channel top loop contributions and an enhancement when including the new physics
terms associated with M, at high energies.

Following the benchmark analysis defined in Sec. 3.1, we conduct a binned log-likelihood
analysis with the m#Z distribution using the events resulting from the BDT study. This
analysis takes advantage of the characteristic high-energy behavior of the new physics terms
highlighted in Eq. (3.7) and illustrated in Fig. 16. The resulting 95% confidence level (CL)
sensitivity to the new physics parameters (ky, k,) at the high-luminosity LHC is presented
in Fig. 17. Specifically, we observe that the LHC can constrain the top Yukawa within the
range r; ~ [0.4,1.1] at 95% CL using this single off-shell channel. The asymmetry in the
limit, with respect to the SM point, is a consequence of the large and negative interference
term between the s-channel and the continuum amplitudes. The upper bound on x; obtained
from this analysis is complementary to the direct Yukawa measurement via t¢H [59] and can
be further improved through a combination with other relevant off-shell Higgs final states.
The results derived in this section are competitive with the CMS HL-LHC projection, which
considers the boosted Higgs production and combines the H — 4¢ and H — 77y channels

[4]. The CMS projection yields an upper bound on the top Yukawa of x; < 1.2 at 95% CL.

3.3 Higgs-Top Form Factor

The fact that the observed mass of the Higgs boson is much lighter than the Planck
scale indicates the existence of an unnatural cancellation between the bare mass and the
quantum corrections. This observation motivates considering alternative possibilities, such
as the idea that the Higgs boson may not be a fundamental particle but rather a composite
particle [149, 150, 151, 152]. In this scenario, the Higgs boson is proposed to be a bound
state of a strongly interacting sector with a composite scale denoted by A. Moreover, in
such a composite Higgs scenario, the heaviest particle in the Standard Model, the top quark,
can also be composite. This would lead to modifications in the top Yukawa coupling, which

can be parametrized by a momentum-dependent form factor at a scale ¢* close to or above
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the new physics scale A%2. However, finding a general construction for such a form factor
is challenging without detailed knowledge of the underlying dynamics. To address this, we
adopt a phenomenological ansatz inspired by the nucleon form factor [153]. This ansatz
provides a useful approach to parametrize the momentum dependence of the top Yukawa

coupling in the composite Higgs scenario. It is defined as

1

F(QQ/A2) = W,

(3.8)

where ¢? is the virtuality of the Higgs boson. For the case n = 2, the form factor corresponds
to a dipole form and describes an exponential spatial distribution. Following the work in
Ref. [121], we investigate the effects of this form factor on the process gg — H* — ZZ with

the complementary final state £T¢~vp.
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Figure 18: Transverse mass distribution m#Z for gg(— H*) — Z(2()Z(2v) in the Standard
Model (black) and with a new physics form factor (red). We assume n = 2,3 and A = 1.5 TeV

for the form factor scenario.

In Figure 18, we present the m#Z distribution for the full gluon fusion process gg —
H* — ZZ. We compare the Standard Model prediction (black curve) with scenarios in-

volving the Higgs-top form factor with n = 2 or n = 3 and a new physics scale A = 1.5
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Figure 19: 95% CL sensitivity on the new physics scale A as a function of the LHC luminosity.
We assume the form factor in Eq. (3.8) with n = 2 (dashed line) and n = 3 (solid line) at
the 14 TeV LHC.

TeV. The differences between the Standard Model and the form factor scenarios become
more pronounced when the energy scales are comparable to or above A, as the destructive
interference between the Higgs signal and the continuum background is suppressed. To fully
explore this effect, we perform the same BDT procedure as introduced in Sec. 3.1, followed
by a binned log-likelihood ratio test in the m%Z distribution. In Figure 19, we show the
sensitivity reach of the LHC in probing the Higgs-top form factor. The LHC can constrain
these new physics effects up to a scale of A = 1.5 TeV forn =2 and A =2.1 TeV forn =3
at the 95% confidence level. The sizable event rate for the H* — ZZ — (lvv signal provides
a more precise probe into the ultraviolet regime compared to the H* — ZZ — 4/ channel,
where the limits on the new physics scale are A = 0.8 TeV for n = 2 and A = 1.1 TeV for
n = 3 at the 95% confidence level [121].
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Table 12: Comparison of the sensitivity reaches between H* — ZZ — ({vv in this study
and H* — ZZ — 4/ in the literature as quoted. All results are presented at 95% CL except
for the Higgs width projection derived by ATLAS with 68% CL [3]. We assume that the
Wilson coefficient for the EFT framework is given by ¢; = v? /A% . Besides the H — 4/

channel, Ref. [4] also accounts for the H — 7+ final state with a boosted Higgs analysis.

FH/F‘EIM AEFT An:2

Composite

H* = 27 — (v 1.31 0.8 TeV 1.5 TeV
H* = ZZ — 40 | 1.3 (68% CL) [3] | 0.55 TeV [4] | 0.8 TeV [121]
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4.0 Directly Probing the Higgs-top Coupling at High Scales

The top-quark Yukawa coupling (y;) holds significant importance in the Standard Model
(SM) as it represents the strongest interaction of the Higgs boson with a value close to 1.
Its magnitude plays a central role in Higgs phenomenology within the SM and serves as a
potential probe for physics beyond the Standard Model (BSM), particularly associated with
electroweak symmetry breaking [154]. This coupling’s role is crucial for ensuring the stability
of the SM vacuum during the electroweak phase transition in the early universe [155, 156].
Additionally, it contributes the largest quantum correction to the Higgs boson mass, and in
various well-motivated new physics scenarios, it can drive the electroweak symmetry breaking
[157, 150, 158, 149, 159, 151]. Hence, accurately measuring y, can be essential in discerning
potential new physics effects.

The top-quark Yukawa coupling has been indirectly determined at the LHC through
the Higgs discovery channel gg — h via the top-quark loop [160]. Additionally, it can be
directly measured through the process of top pair production in association with a Higgs
boson, denoted as tth. Both the ATLAS and CMS collaborations reported the observation of
this channel in 2018, with respective significances of 6.3 and 5.2 standard deviations [32, 33].
These measurements confirm the Standard Model (SM) expectation that the Higgs boson
interacts with the top-quark with a Yukawa coupling of order one. Excitingly, the high-
luminosity LHC (HL-LHC) projections anticipate probing the top Yukawa coupling with
remarkable precision by the end of the LHC run, achieving an accuracy of approximately
yr S O(4)% [59].

Indeed, current measurements at the LHC mainly probe the electroweak scale ) ~
v, where v is the Higgs vacuum expectation value. However, if the new physics scale A
is significantly larger than the LHC energies, the effects of physics beyond the Standard
Model (BSM) are generally suppressed and scale as (Q/A)", where n is a positive integer
[132, 133, 134], until the energy reaches a new resonance associated with the BSM physics.
To enhance the sensitivity to new physics effects, it is desirable to explore the high-energy

regime associated with Higgs physics. Recently, there have been proposals to study the off-
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shell Higgs signals gg — h* — V'V, where V'V represents a pair of electroweak gauge bosons
[116, 117, 118, 119, 120, 121, 161]. This process offers the potential to probe and reveal
new physics effects related to the tth* and V'V A* interactions or to observe the propagation
of a heavy Higgs-like particle h* at high energy scales () > v. By exploring this high-
energy regime, we can gain valuable insights into possible new physics phenomena beyond
the Standard Model.

In this study, we directly investigate the Higgs-top coupling at high energy scales by
exploring the tth production channel. This process allows us to probe the top-quark Yukawa
interaction at a high scale in both the space-like and time-like regimes when the Higgs is
produced on-shell with high transverse momentum. Unlike the off-shell Higgs physics, which
primarily probes the time-like domain, the on-shell production of the Higgs allows us to
explore complementary physics in both domains [120, 121, 161]. To study the potential
Beyond the Standard Model (BSM) effects on the Higgs-top Yukawa interaction, we adopt
the Effective Field Theory (EFT) framework. We focus on two relevant higher-dimensional
contributions that could modify the Higgs-top interaction. Additionally, we investigate a
BSM hypothesis involving a non-local momentum-dependent form factor that describes the
Higgs-top interaction [121, 161]. This form factor is motivated by the possibility that the
top Yukawa coupling may arise from a composite substructure of the top quark. To opti-
mize our analysis, we concentrate on the channel with the largest Higgs decay branching
fraction, BR(h — bb) ~ 58%, and utilize jet substructure techniques in the boosted Higgs
regime. This allows us to combine the large event yield with a high-energy physics probe to
maximize the sensitivity to potential BSM effects on the Higgs-top coupling. By adopting
this approach, we aim to shed light on the high-energy behavior of the top-quark Yukawa
interaction and explore possible new physics phenomena beyond the Standard Model.

The subsequent sections of this chapter are structured as follows. In Section 4.1, we
introduce the theoretical parameterization related to potential new physics effects on the
Higgs-top couplings within the framework of Effective Field Theory (EFT), along with the
inclusion of an interaction form factor. Subsequently, in Section 4.2, we explore the sensitivity
of the new physics interactions in the context of the tth production channel, highlighting the

advantages of the boosted Higgs regime, which benefits from energy enhancement.
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4.1 New Physics parametrization

In this section, we present two distinct parametrizations for potential beyond-the-Standard
Model effects on the Higgs-top coupling at high energy scales. The first parametrization
is based on the effective field theory (EFT) framework, which involves introducing a few
relevant dimension-6 operators. These operators arise from integrating out heavy degrees
of freedom that mediate the interactions between the Higgs and top particles. The sec-
ond parametrization is a non-local Higgs-top form factor, inspired by a strongly interacting
composite theory that involves the Higgs and top quarks. These two approaches represent
representative forms of new physics parameterizations, capturing the general characteristics

of the beyond-the-Standard Model couplings involving the Higgs and top quark.

4.1.1 Effective Field Theory

The Standard Model Effective Field Theory (SMEFT) provides a comprehensive and sys-
tematic bottom-up framework for searching for new physics beyond the Standard Model [133,
134, 162, 163, 164, 119, 165]. In this scenario, the particles associated with the new physics
are considered to be too heavy to be directly produced on-shell at the energies probed by
current experiments. As a result, these heavy states are ”integrated out” and their effects
are effectively encoded in the form of higher dimension operators, commonly referred to
as contact interactions [132]. These higher dimensional operators parametrize the possible
deviations from the predictions of the Standard Model and provide a way to explore a wide
range of new physics scenarios. In general, the EFT Lagrangian can be written as

C; 1
Lorr = Lo+ ) 150+ 0 (F) : (4.1)

where A is the scale of new physics, O; are effective operators of dimension-six compatible
with the SM symmetries, and ¢; are corresponding Wilson coefficients. Higher dimensional
operators can alter the established interactions of the Standard Model and also introduce

new Lorentz structures. These modifications and new structures can result in significant
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Figure 20: Representative Feynman diagrams contributing to tth production. The black

dots represent the BSM vertices arising from the EFT operators.

energy enhancements in the scattering amplitudes, which have important implications for
phenomenology.

In our study of new physics effects on the Higgs-top coupling at high scales, we utilize
the SMEFT framework and work within the Warsaw basis of operators [134]. Specifically,
we concentrate on two-fermion operators, which contribute to tth production at the LHC

and are relatively unconstrained at present

O = (HH)(Qt)H + h.c. (4.2)
Oz = gS(QJ“”TAt)I:IGﬁV +h.c.. (4.3)

The first operator, denoted as Oy, scales the SM top Yukawa coupling. The second operator,
denoted as O,q, corresponds to the chromomagnetic dipole moment of the top-quark. The
presence of Oy, modifies the tth vertex in the SM and leads to a rescaling of the top Yukawa
coupling. On the other hand, O, not only modifies the gtt vertex, but also gives rise

to new interaction vertices, such as ggtt, gtth, and ggtth. This operator has significant
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phenomenological effects on ¢t processes and can lead to substantial new physics sensitivity
in the tth channel [166]. As a result, we include Oy in our analysis to explore its high energy
behavior. In Fig. 20, we present a representative set of Feynman diagrams for ¢th production
arising from the EFT interactions. These diagrams illustrate the possible contributions from
the new physics operators to the associated processes. The experimental LHC analyses

constrain these Wilson coefficients at 95% Confidence Level (CL) to the ranges [167, 168]
crp/N? = [—2.3,31]/TeV?, c¢;c/A* = [—0.24,0.07]/TeV>.
Guided by these results, we choose illustrative values of the coefficients as
lci/N?| = 0.1 TeV™? and  |eiy/A?| =1 TeV ™2, (4.4)

for our following representative kinematic distributions. For recent phenomenological SMEFT

global fit studies, see Refs. [162, 163].

4.1.2 Higgs-Top coupling form-factor

The top-quark Yukawa coupling plays a significant role in the naturalness problem, being
responsible for the dominant quantum corrections to the Higgs mass. Hence, it becomes
crucial to investigate the Higgs-top interaction at high energy scales, even into the ultra-
violet regime. One intriguing possibility is that the top-quark and Higgs boson may not be
fundamental particles, but rather composite states emerging from new strongly interacting
dynamics at a scale A [149, 151, 152, 169]. In such scenarios, the top Yukawa coupling
might exhibit a momentum-dependent form factor near or above the new physics scale A,
deviating from a simple point-like interaction. However, writing down a general form factor
without specific knowledge of the underlying strong dynamics in the composite scenario can
be challenging. To address this, we draw inspiration from the nucleon form factor [153] and

adopt the following phenomenological ansatz

1

[(Q*/A%) = RENIIOE (4.5)

where () is the energy scale associated with the physical process. This educated guess leads

to a dipole form-factor for the n = 2 scenario, characterized by an exponential spatial
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Figure 21: Top panels: Transverse momentum distributions for the Higgs boson pry, (left)
and the hardest top-quark pr; (right). Bottom panels: Invariant mass distributions for the
top pair my (left) and the Higgs and top-quark my, (right). Each panel shows on the top
the tth sample in the SM and new physics scenarios. The results are presented at the NLO
QCD fixed order. We also show the local NLO K-factor (middle panel in each figure as
NLO/LO) and the ratio between new physics and SM scenarios (bottom panel in each figure
as BSM/SM). We assume the LHC at 14 TeV.
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distribution in a space-like probe. For higher values of n, we encounter higher multi-poles,

which usually result in a more significant suppression of the form factor.

4.2 Analysis

To investigate these new physics effects, we analyze the pp — tth channel at high energy
scales. To achieve this, we exploit the sizable signal event rate along with controlled back-
grounds, focusing on the boosted h — bb final state in combination with leptonic top-quark
pair decays. The signal signature is characterized by the presence of four b-tagged jets and
two opposite-sign leptons. Among the leading backgrounds, in order of significance, are t£bb
and ttZ.

To simulate the signal and background events, we use MadGraph5_aMC@NLO [82]. The
samples for tth and ttZ processes are generated at NLO in QCD, while the ttbb sample
is generated at LO. The contributions from dimension-six Effective Field Theory (EFT)
operators are included through the FeynRules model SMEFT@NLOQ [170]. This implementation
allows for one-loop QCD computations, incorporating the EFT effects and accounting for
relevant additional radiation at the matrix element level [171]. The event simulation includes
showering, hadronization, and underlying event effects, which are modeled using Pythia8 [85]
with the Monash tune [172]. To accurately describe the top-quark decays and account for spin
correlation effects, we utilize MadSpin [84]. For the parton distribution functions (PDFs),
we use MMHT2014 NLO with ag(mz) = 0.118 [173] in the five-flavor scheme. The values
of relevant parameters are set to m; = 172 GeV, m;, = 125 GeV, mz; = 91.1876 GeV,
mw = 79.82 GeV, and G = 1.16637 x 107> GeV 2. We fix the scales to a constant value of
WUr = g = my+my/2 to be consistent with previous studies [166]. The LHC center-of-mass
energy is assumed to be y/s = 14 TeV.

Precise theoretical calculations are essential for robust new physics studies at the LHC.
Higher order QCD corrections play a significant role and can be conventionally estimated by
a K-factor, representing the ratio between NLO and LO predictions. These higher order cor-

rections can have a substantial impact on the results. To illustrate the effects of higher order
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QCD corrections and new physics contributions at high energies, we present in Fig. 21 the
NLO fixed-order parton-level distributions for several relevant kinematic observables associ-
ated with the tth signal sample. Specifically, we show the transverse momentum distribution
of the Higgs boson, denoted as pry, (upper left), the transverse momentum distribution of
the hardest top-quark, denoted as pr; (upper right), the invariant mass distribution of the
top quark pair, denoted as my, (lower left), and the invariant mass distribution of the Higgs
and top-quark system, denoted as my, (lower right). These distributions provide valuable
insights into the dynamics of the ¢th production and serve as the basis for further analysis
of the new physics effects and precision studies. Indeed, the higher order QCD corrections
are not universal and can exhibit significant kinematic dependencies. This is evident in the
NLO/LO ratio, where we observe variations of about 20% — 30% across different kinematic
observables, as shown in the panels of Fig. 21. This highlights the importance of including
higher order predictions in the full differential analysis, as a global NLO K-factor would not
be sufficient to capture these kinematic-dependent corrections accurately.

The panels of BSM/SM in Fig. 21 demonstrate that new physics contributions can indeed
sensitively depend on the kinematics of the process. For instance, at high transverse momenta
of the on-shell top quark or Higgs boson, the tth production process can probe both the space-
like and time-like regimes for the top-Higgs interactions. Notably, the operator O exhibits
a significant energy enhancement, particularly evident in the transverse Higgs momentum
distribution. This enhancement starts with a 10% increase in the non-boosted regime with
prrn, < 100 GeV and can reach up to 65% enhancement for pr, = 1 TeV. In contrast, the
form-factor scenario displays a depletion in the cross-section at higher energies due to the
generic dipole suppression. The rate is reduced by 5% at pp, = 200 GeV, and the suppression
becomes even more pronounced, reaching 55% at pr, = 1 TeV. For the form-factor scenario,
we adopt a representative scale () = pr, to account for the suppression. On the other
hand, new physics effects associated with the operator Oy, do not result in a distinct energy
profile with respect to the SM. In the tth process, this operator only contributes with a
shift to the top Yukawa coupling, resulting in a flat rescaling of the cross-section compared
to the SM, independent of the process energy scale. Despite the lack of a manifest energy

enhancement, this new physics contribution can still be probed in our high energy scale
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analysis, benefiting from the controlled backgrounds at the boosted Higgs regime, as we will
show in the subsequent sections.

The boosted Higgs analysis, in conjunction with jet substructure techniques, effectively
suppresses the initially overwhelming backgrounds for the tth signal with dileptonic top
decays and h — bb, as demonstrated in Ref. [174]. In our approach, we adopt a similar
strategy. Our analysis begins by requiring the presence of two isolated and opposite sign
leptons with transverse momentum pp, > 10 GeV and pseudorapidity |n,] < 3. For the
hadronic part of the event, we reconstruct jets using the Cambridge-Aachen algorithm with
a jet radius parameter of R = 1.2 [175]. We then demand the presence of at least one boosted
fat-jet with transverse momentum py; > 200 GeV and pseudorapidity |n;| < 3. Furthermore,
we require that one of the fat-jets be Higgs tagged using the Butterworth-Davison-Rubin-
Salam (BDRS) algorithm [176, 177]. The Higgs tagging procedure with the BDRS algorithm
involves identifying three subjets within the fat-jet. This is achieved by gradually shrinking
the jet radius until the fat-jet splits into three filtered jets. The radius of separation among
the filtered jets is defined as Rg = min(0.3, Ry,/2). Among the three filtered jets, the two
hardest are required to be b-tagged, while the third filtered jet corresponds to the dominant
O(ay) radiation from the Higgs decay. This Higgs tagging technique helps to distinguish the
tth signal from the background processes with similar final states, significantly improving
the signal-to-background ratio.

Since we have only one hadronically decaying heavy particle, namely the Higgs boson, we
can improve the event reconstruction by using a smaller jet size to reduce the contamination
from the underlying event. Thus, we remove all hadronic activity associated with the Higgs
fat-jet and re-cluster the remaining particles using the anti-k; jet algorithm with a jet radius
of R = 0.4. We then require the presence of two b-tagged jets with transverse momentum
pw > 30 GeV and pseudorapidity |n| < 3. As our final state includes a total of four b-tagged
jets, we take advantage of the expected improvements in the central tracking system for the
HL-LHC run to enhance the event rate for our signal. Based on the ATLAS report [178], we
assume an 85% b-tagging efficiency and a 1% mistag rate for light jets. To further suppress
the backgrounds, we impose a cut on the filtered mass for the Higgs candidate to be around

the Higgs boson mass, requiring |[mBPRS — 125 GeV| < 10 GeV. More details on the cut-flow
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analysis are provided in Table 13. These selection criteria help to significantly enhance the

signal-to-background ratio and improve the sensitivity to the tth process.

Table 13: Cut-flow for signal and backgrounds at LHC /s = 14 TeV. The selection follows
the BDRS analysis described in the text. Rates are in units of fb and account for 85% (1%)

b-tag (mistag) rate, hadronization, and underlying event effects.

cuts tth | tthb | ttZ
BDRS h-tag, pre > 10 GeV, || <3, n, =2 | 3.32 | 6.35 | 1.02
pr; > 30 GeV, |n;| <3, n; > 2, n=2 0.72 | 1.97 | 0.22
ImBPRS — 125| < 10 GeV 0.15 | 0.14 | 0.009

4.2.1 Scale for the EFT operators

In Fig. 22, we move beyond the partonic level calculation and present the hadron level
transverse momentum distribution (pry) for the Higgs boson candidate from the pp — tth
channel, including contributions from the Standard Model (SM) as well as the Effective
Field Theory (EFT) operators. We also include the leading backgrounds t£bb and t£Z. The
boosted Higgs search complements our study of new physics effects, as shown in Fig. 21. At
higher energy scales, both the backgrounds are further suppressed, while the new physics
contributions become more pronounced. Notably, we observe a significant enhancement
from the O;s operator at high energy scales. This suggests that the boosted Higgs regime
provides a promising avenue for probing and distinguishing new physics effects from the SM
background in the ¢th channel.

In order to quantify the sensitivity of the boosted Higgs analysis to the new physics
effects, we perform a binned log-likelihood analysis on the pr;, distribution. The results are
presented in Fig. 23, showing the 68% and 95% confidence level (CL) limits on the Wilson
coefficients (c;q/A?, ci/A?). For our analysis, we assume the High-Luminosity LHC (HL-
LHC) operating at 14 TeV with an integrated luminosity of 3 ab™!. To account for the

uncertainty in the EFT expansion, we consider terms up to linear and quadratic order in
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Figure 22: Transverse momentum distribution of the Higgs boson pzy, for the tth sample in
the SM (black) and new physics scenarios with ¢;q/A% = 0.1 TeV ™2 (red), c;3/A% =1 TeV >

(blue). The leading backgrounds t£bb (purple) and t£Z (green) are also presented. We assume
the LHC at 14 TeV.

the Wilson coefficients ¢;/A?. We find that the differences between these two scenarios are
small, indicating the robustness of our results.

Recently, CMS reported an EFT interpretation using associated top quark production
data with an integrated luminosity of £ = 41.5 fb™' [179]. The signal samples included the
tth and thqg processes, which are directly sensitive to the top-quark Yukawa coupling. The
resulting constraints at the 95% confidence level (CL) for the chromomagnetic operator were
in two regions: c;q/A? = [~1.26,—0.69] TeV~? and [0.08,0.79] TeV 2. For the Oy, operator,
the constraints were ¢, = [—14.12, —1.46] TeV~? and [32.30, 44.48] TeV~2. While the CMS
analysis did not focus on very high energy scales and used the leptonic Higgs decays, our
study explores the largest Higgs branching ratio, h — bb, in the boosted Higgs regime,
leading to significantly higher sensitivities at the HL-LHC.
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Figure 23: 95% (full line) and 68% (dashed line) CL limits on the Wilson coefficients
(cia/A?, cip/A?) at the 14 TeV HL-LHC with 3 ab™! of data. The results are presented
both at the linear (black) and quadratic (red) order in dimension-6 SMEFT operator coeffi-

cients.

4.2.2 Probing the form-factor

In Fig. 24, we present the transverse momentum distribution (pry) for the Higgs boson
candidate from the pp — tth channel in the Standard Model (SM) and the form-factor
contribution. We consider two hypotheses: n = 2 and n = 3, with the new physics scale
A =2 TeV. While it can be challenging to probe beyond-the-Standard Model (BSM) effects
at relatively small scales, these contributions can be effectively enhanced in the boosted
regime. For instance, starting at pry ~ 200 GeV with n = 2 (n = 3), we observe a 5% (9%)
effect. Moving to prj, ~ 400 GeV, the new physics results in a larger depletion of 18% (25%)
compared to the SM hypothesis.

With our boosted h — bb analysis, which provides a relatively large event rate, we have
the advantage of probing large energy scales with sufficient statistics. To achieve this, we
conduct a comprehensive study of the pry, distribution using a binned log-likelihood analysis.

The results of the new physics sensitivity are presented in Fig. 25. The High-Luminosity
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Figure 25: 95% CL sensitivity on the new physics scale A as a function of the LHC luminosity.

We consider two form-factor scenarios: n = 2 (solid line) and n = 3 (dashed line).
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LHC (HL-LHC) running with 3 ab™! of data will be capable of probing these new physics
effects up to a scale of A = 2.1 TeV for n = 2 and A = 2.7 TeV for n = 3 at 95% confidence
level (CL). These findings complement the off-shell Higgs analyses (g9 — h* — ZZ), where,
assuming n = 3, the limits on the new physics scale are A = 1.1 TeV for the 4/ final state and
A = 2.1 TeV for the ¢lvv final state [121, 161]. Our boosted Higgs analysis offers a valuable
and distinct approach to explore new physics effects at high energy scales and complements

the information gained from other channels.

Table 14: Summary results from the tth studies for the Higgs-top coupling at high scales in
terms of the dimension-6 operators and general form-factor scenarios. The results are shown
at 95% CL, and we assume the HL-LHC at 14 TeV with 3 ab™! of data. For comparison, we
also show the results from off-shell 2* studies, the ATLAS Higgs combination with 139 fb™!,
and the CMS top pair bound with 35.9 fb™'.

e c¢;/A? [TeV™? | A/ [TeV]
95% CL bounds | BSM scale
tEh (this work) [~1.04, 1.00] 1.0
h* — 27 — Uy [161] [~2.8, 1.5] 0.6
o e 272 — 40 [121] -3.3, 3.3 0.55
Higgs comb. ATLAS [167] [—2.3, 3.1] 0.57
tfh (this work) [~0.11, 0.12] 2.9
o tf CMS [168] [~0.24 , 0.07] 2.1
tth (this work) - 2.1
form-factor n =2 | h* — ZZ — (lvv [161] - 1.5
h* — ZZ — 40 [121] - 0.8
tth (this work) - 2.7
form-factor n =3 | h* - ZZ — llvv [161] - 2.1
h* — Z7Z — 40 [121] - 1.1
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Table 14 presents a summary of the new physics scale reach obtained in our work and
other studies for different channels. It is evident from the table that the direct probe of
tth in the boosted Higgs regime provides highly competitive and improved sensitivity to
new physics effects compared to other channels. The large event rate and the use of jet
substructure techniques in the boosted h — bb analysis enable us to explore high energy

scales with enhanced statistics, leading to stronger constraints on the new physics scale A.
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5.0 Using Vector Boson Fusion for High-Scale New Physics

The milestone discovery of the Higgs boson (h) by the ATLAS [180] and CMS [181]
collaborations at the CERN Large Hadron Collider (LHC) is of great theoretical and exper-
imental significance in understanding our microscopic world. The Standard Model (SM) of
the strong and electroweak interactions, along with the Higgs mechanism, provides us with
a consistent theoretical framework valid up to high scales. On the other hand, we are still
lacking an understanding of if and how the Higgs mass, the only dimensionful parameter in
the theory, is stabilized against quantum corrections from a higher new physics scale — the
mass hierarachy problem [182; 183, 184]. It is thus of fundamental importance to experi-
mentally probe the Higgs interactions at higher energy scales, which should hold the key to
understanding the hierarchy problem.

Some efforts have been made along these lines to probe the largest SM coupling hit at
the LHC in high scales via the leading production gg — h — ZZ [161] and the associated
production gg — tth [185]. The next leading production mechanism of the Higgs boson is the
process by which two vector bosons collider to produce a Higgs boson, known as vector boson
fusion (VBF). With the Higgs coupling directly proportional to the gauge boson mass, this
process is one of the most direct probes of electroweak symmetry breaking that we have. It is
well known that without a Higgs boson, the amplitude for the longitudinally polarized gauge
boson scattering exhibits quadratic growth with energy, violating perturbative unitarity at
a scale of A ~ 2.2 TeV [186, 187]. This is cornerstone of the no-lose theorem of the Large
Hadron Collider (LHC) uncovering the first step of electroweak symmetry breaking [11, 188,
12].

The traditional VBF signal leverages the fact that the two outgoing quarks exchange
a relatively low amount of momentum with the vector bosons. These quarks, often called
tagging jets, tend to have high pseudorapidity () and low transverse momentum (pr),
dictated by the (collinear) W propagator (see Refs. [189, 190, 191, 192, 193, 194] for reviews).
Signal regions are then defined by an upper cut on the tagging jet and a lower cut on

the tagging jet. As expected, the VBF processes have contributed to the Higgs boson
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discovery [195, 196]. In the hope to probe Higgs physics at a high scale, an alternative
approach is to examine the Higgs boson with a higher momentum. This signal region, by
contrast, would look to isolate events with a large momentum exchange between the vectors
and the quarks. At a cost of lower signal event rate, we may have increased sensitivity to
physics beyond the Standard Model (BSM).

The first demonstration of this signal configuration was performed in Ref. [197] where
the authors showed that VBF with a high momentum Higgs has sensitivity to dimension-
6 operators. They primarily used the vy decay channel of the Higgs which has a small
branching ratio, but allows the Higgs four-vector to be fully reconstructed. They found with
300 fb! a limit of A > 2.9 TeV (at 68% C.L., assuming O(1) Wilson coefficients) could be
set on the scale of new physics. [198, 199, 200, 80, 197, 201, 202, 203] *

In this work, we first point out that the high momentum Higgs region can be effectively
isolated by cutting on the tagging jets (instead of the Higgs pr). It it still optimal to cut on
Higgs pr, however, in channels where that is not possible, for example W ({v)W (¢v), cutting
on the tagging jets only loses a little sensitivity.

Secondly, we compare the results using the bb decay of the Higgs, including detector
simulation and backgrounds. A sample Feynman diagram for this process is shown in Fig. 26.
We find that sensitivity is not as good as the vy channel, primarily due to the fact that the
Higgs mass resolution is reduced. Combining the multiple channels would further improve

the overall sensitivity.

!Note that diboson events probe the same dimension-6 operators and have a better reach for new physics
[204, 205, 206, 207, 208, 209, 210, 211, 212, 213, 214, 215, 216, 217, 218].
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Figure 26: Representative Feynman diagrams of vector boson fusion (left) and QCD back-

ground (right).

The outline of this chapter is as follows. In Sec. 5.1 we describe the parametrizations we
use for new physics. Section 5.2 studies the kinematics of this topology and compares a few
approximations. Next, we discuss the details of our simulation in Sec. 5.3. The results are

shown in Sec. 5.4.

5.1 New Physics Parameterization in VBF

In this section, we describe the parametrizations we use for exploring new physics asso-
ciated with the Higgs production at high scales.
5.1.1 Higher-Dimensional Operators

A consistent and convenient scheme to parameterize new physics effects from a higher
scale is the effective field theory (EFT) approach with higher dimensional operators. At the

dimension-6 level, there are four operators to contribute to the interactions of our current
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interest ¢¢VH. In the Warsaw basis [134], they are written as (’)g’), Og, O%, and 0% [204]

— (Qoy Q) (iH'o* D H), (5.1a)
— (Qv*Q)H'D,H), (5.1b)
O% = (iipr"ug) (iH D, H), (5.1¢c)
O% = (dpy"dg) (iH D, H), (5.1d)

where we follow the usual parametrization of dimension-6 operators according to

C;

ALj—g = e

O;. (5.2)

The coefficients ¢; are dimensionless effecive couplings. From an effective field theory per-
spective the coefficients ¢; could have either sign and any values < (4m)? [219, 220]. In
Sec. 5.4 we will see that the sign of ¢; matters since the leading new physics contribution is
the interference between new physics and the SM. The scale of new physics is A. In prin-
ciple, it can be different for each operator O; but we use a common value for simplicity (or
equivalently absorb differences in scale into the coefficients).

The expected size of the ¢; is O(1) in known beyond the SM theories [221]. Coefficients
as large as ¢; ~ (4m)? are technically possible, but require the unlikely scenario of strong
coupling between new physics and all particles of the qgV H interaction. Even a coupling of
¢; = 4w is not likely [222, 204].

Ref. [204] studied these operators in diboson production (¢¢ — V'V and ¢g — V' h) and
called them the “high energy primaries.” They found that with 300 fb™! the operator cg)
could be probed up to scales of A &~ 3 TeV. The most sensitive diboson channels include a
final state W which means only the high energy primary that is probed is (’)S ). The other
operators required channels such as Zh, which is sensitive to a linear combination of the
operators in Eq. (5.1). Ref. [206] studied the Z(£T¢~)h(bb) in detail and found that the scale
2.4 TeV was probed in this channel.

It was pointed out in Ref. [197] that these same operators in Eq. (5.1) contribute to
vector boson fusion. Combining the channels h(y7y)jj and h(7777)jj is sensitive to the

scale 2.9 TeV with 300 fb~!, but at 68% C.L. rather than 95% C.L. As expected, VBF has
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less overall reach compared to diboson, however since it probes a different linear combination

of operators, it is an essential input.

5.1.2 Form Factors

If the underlying mechanism for electroweak symmetry breaking is due to some new
strong dynamics, it is conceivable to consider that the Higgs boson may not be fundamental,
but a composite particle arising from a strongly interacting new dynamics at a scale A [151].
In such scenarios, the Higgs interaction may exhibit a momentum-dependent form-factor
near or above the new physics scale A, rather than a point-like interaction. It is challenging
to write a form-factor, in a general form, without prior knowledge of the strong dynamics
of the specific composite scenario. Inspired by the nucleon form-factor [153], we adopt the

following phenomenological ansatz by adding a form factor to the AW W~ vertex
(gmw )WW W™ — T(Q* n, A*) (gmu )W W, (5.3)

where the form factor is of the form [161, 185]

1
(1+Q2/A2)™

This form factor approaches unity as Q?/A? — 0 and suppresses this interaction as Q*/A?

P(Q%m, A2) = (5.4)

grows. The suppression depends on the value of n chosen; the larger n is, the faster the
suppression. n = 2 corresponds to a dipole form factor, as often adopted for the nucleon
form factor. In our study we use () = p% since the transverse momentum of the Higgs
characterizes the momentum exchange.

Another option, which we do not pursue in this study, is to use form factors computer

from integrating out heavy resonances [223].
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5.2 VBF Kinematics

It is important to explore the kinematics of the Higgs boson produced in vector boson
fusion in the hope to optimize the dynamical effects. The main purpose is to identify to what
extent the phase space with a boosted Higgs can be isolated purely from the kinematics of
the two tagging jets.?

At leading order there are three objects in the final state: the Higgs h and two tagging
jets j1 and js (where pr(j1) > pr(j2) by convention). Balancing transverse momentum leads

to the relationship
(57)? = (W7 + (P7)* + 20797 cos(¢” — ¢, (5.5)

where ¢(z) is the azimuthal angle of object x. The notation pr(h) is to indicate that this
would be the transverse momentum of the Higgs in the three-body limit.

There are two notable limits of Eq. (5.5). The first is when pr(ja) < pr(j1), pr(h). In
this case the transverse momentum of the Higgs is primarily balanced by the hardest jet
and the three-body space approximately collapses to a two-body space. Even at the high
luminosity LHC this limit is out of reach. It could be relevant at a future collider.

The second is when cos(¢7! —¢/2) = O(1). Then pl ~ p} +pJ2. In Fig. 27 we compare this
quantity with p and with p% from Eq. (5.5). The events are generating with p/t > 150 GeV.
The quantity pi is generally an underestimate due to additional radiation that is ignored in

the three-body limit. Empirically, pgpl + p]ﬁ is a reasonable proxy for pt at high values of p’.

2In the bb channel that we study here, as well as in the vy and hadronic 777~ channels [197] the Higgs is
fully reconstructable so one can always directly use pr(H). Using the tagging jets would be useful in other
channels like WW or ZZ.
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Figure 27: Distribution of Higgs pr-like variables for operator OS’ ) (left) and for the form
factor (right).

A number of other Higgs pp-like variables can be studied. These include p}, p’2, and
the geometric mean 4/ pf_pl pf_ﬁ which was suggested in [198, 202]. Fig. 29 will show the search
significance as a function of a cut on these variables. We find that py(h) gives the best
results, followed closely by pr(j1) + pr(j2) and pi. The other Higgs pr-liked variables are

not sufficiently correlated with p’ to be optimal in a new physics search.

5.3 Event Simulation

We generate events using MadGraph 5 2.7.3 [224]. Both signal and background are gen-
erated at leading order at a center-of-mass energy /s = 13 TeV with parton distribution
functions NNPDF23_lo_as_0130_qed [126]. Events are showered and hadronized with Pythia
8.302 [85], and detector simulation is performed by Delphes 3.4.1 [87]. Jets are recon-
structed with the anti-kr algorithm with radius R = 0.5 [88]. For b-tagging we use the truth
flavor from Delphes and apply a flat b-tagging efficiency.

Our signal is the process pp — h(— bb)jj with either the dimension-6 operators or the

form factor turned on. This process includes the contributions purely from new physics,
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purely from the Standard Model, and from interference between new physics and the Stan-
dard Model. We label the signal as BSM. We use dimension-6 operators from the SMatNLO
model [170].

There are two dominant backgrounds: the Standard Model VBF contribution and the
Standard Model QCD contribution. The Standard Model VBF includes a resonant Higgs
and is generated from pp — h(— bb)jj with all new physics contributions set to zero.
This background is irreducible. We label this background as VBF. The QCD background is
generated by pp — bbjj. We label this background as QCD.

5.3.1 Pre-Selection and Validation

We apply cuts to the detector-level events in two stages. The first is the pre-selection
which we use for validation with the forward event selection from ATLAS [5] and is listed
in this section. The second is the event selection which will be described in the following
section. Cuts applied at the generator level are listed in App. C.

We denote b; and by as the leading and sub-leading b-tagged jets which form the highest
pr b-jet pair in the events. j; and j; refer to the tagging jets, where j; is the jet with highest
pr and j5 is the sub-leading jet

e pr(by) > 85 GeV and |n(by)| < 2.5. The operating point used for b-tagging this b-jet has
a 77% tagging efficiency.

e pr(by) > 65 GeV and |n(by)| < 2.5. The operating point used for b-tagging this b-jet has
a 85% tagging efficiency.

e pr(j1) > 60 GeV and 3.2 < |n(j1)] < 4.5.3

e pr(j2) > 30 GeV and |n(jo)| < 4.5.

e pr(bb) > 150 GeV, where pr(bb) is the transverse momentum of the bb system.

To validate our analysis, we compare our VBF and QCD event yields with the ATLAS study [5]

with the above pre-selection applied. The numerical results are shown in Tab. 15. Note

3Note that j; is always the hardest jet. An event where, for example, pr(ji1) = 90 GeV, 7(j1) = 3.0,
pr(j2) = 80 GeV, n(j2) = —4.0 does not pass the selection.
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that [5] is searching for the Standard Model Higgs signal so their signal corresponds to our

VBF while their (data-driven) background corresponds to our QCD.

‘ VBF  ATLAS signal ‘ QCD ATLAS data sidebands
after pre-selection ‘ 755.8 930.9 ‘ 1,683,155 2,584,704

Table 15: Event yields from our simulation for VBF and QCD and expected event yields
from [5], at /s = 13 TeV with an integrated luminosity of 126 fb™".

It is expected that our expected number of events is lower than those from ATLAS
because we only generate events at leading order. Higher-order corrections can account for
this difference. In VBF the k-factor at next-to-leading order is known to be ~ 1.1 [225]. The
ratio between the ATLAS event yield and ours is about 1.2. We apply an effective k-factor
of 1.2 to our VBF and BSM samples. In our QCD we use an effective k-factor of 1.5 which makes

our results consistent with the ATLAS event yield.

5.3.2 Event Selection

In addition to the above pre-selection, we require the events to satisfy following selections
which are based on the characteristics of our BSM signal, inspired by [197], but tailored to
our final state.

Since the VBF signal features a wide rapidity gap between the two tagging jets, events

with large separation in pseudorapidity are selected for

An(jy, j2) > 3. (5.6)

The two tagging jets tend to be in the forward and backward region, so we require them to

be in the opposite directions relative to the beam axis

n(j1) - n(j2) < 0. (5.7)
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Due to this back-to-back nature, the two tagging jets also tend to have large invariant mass.
So we select events with

m(j1, j2) > 600 GeV. (5.8)

To limit additional emissions, we demand the minimum angular separation between any b-jet

and any tagging jet to be
ARmin(biajk) > 15, 1, k= 1, 2. (59)

Furthermore, we make use of the azimuthal angular separation between the b-jet pair and

the tagging jet pair, and we require
AD(b1ba, j1j2) > 1.5, (5.10)

where A®(b1by, 71j2) is the difference in azimuthal angle between the b;by system and the
J1J2 system.
Since the QCD background tends to have jets with a relatively large azimuthal angular

separation, we select events such that
AD(j1,j2) < 2. (5.11)

In addition, because of the presence of the Higgs boson in the central region, we require it

to lie between the two tagging jets

Y™ (1, g2) < y(h) < y™ (1, J2), (5.12)

where y is the the rapidity of the jet or the reconstructed Higgs boson.
Finally, we cut on the invariant mass of the bb system. Due to the mass resolution for

bb, we require a relatively wide mass window around the Higgs boson mass
115 GeV < m(b1by) < 135 GeV. (5.13)

These cuts effectively distinguish VBF from QCD. Our goal, however, is to identify the contri-
bution of new physics to BSM from both QCD and from VBF.
To distinguish BSM from VBF, consider Fig. 28 which shows the distribution of the Higgs

pr (after both pre-selection and event selection) with a non-zero value for CS) (left) and
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Figure 28: Distribution of the Higgs pr in QCD, VBF, and BSM. On the left, cg) /A% is set to

—0.32 TeV?, while on the right, a form factor with n = 2 and a scale A = 1 TeV is used.

including the form factor (right). We see that this is a powerful discriminant to separate

our signal from the backgrounds. Note that new physics can cause an increase or decrease

in the number of expected events because the leading effect is the interference between new

physics and the SM.

As discussed in Sec. 5.2, there are other variables that are strongly correlated with the

Higgs pr, such as the sum of the two tagging jets.

5.4 Results

To derive the sensitivity to new physics scale at the LHC, we adopt the usual statistical

significance,

L for sample ¢ = {BSM, VBF, QCD}.

S | Nesu — Nyer|

VB N v/ Nygr + NQCD’

where N; = L - 0; denote the expected numbers of events after event selections at luminosity
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The contribution of new physics can result in either an enhancement or a suppression
relative to the SM VBF yield. In particular, the form factor causes a suppression in the signal
where the effect becomes more prominent when A is small. The effect of the dimension-6
operators depends on the size of the Wilson coefficient and the sign of the interference with
the SM. In the case that Nggy is less than Nygr, we take the absolute value to ensure a positive
significance.

In Fig. 29, we show how selecting different observables at different thresholds affects the
significance achieved at high luminosity LHC (assuming £ = 3 ab™!), in two benchmark

scenarios.
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Figure 29: Search significance as a function of cut on Higgs pr-like variable for coefficient

cg’) (left) and for the n = 2 form factor (right). Variables used are described in Sec. 5.2.

We find the transverse momentum of the Higgs boson to be the most powerful observable
to distinguish new physics from SM, as we discussed in Sec. 5.3. The other variables we
consider, in decreasing order of search sensitivity, are p”fl + p{ﬁ, P (see Eq. (5.5)), p{ﬁ,
\/p]flpgﬁ, and p%’. The tagging jets, in particular the leading jet, can be useful to probe
the high momentum-exchange region of VBF. The subleading jet alone, however, does not
correlate strongly with the Higgs pr and is less useful.

Consequently, to compute the new physics reach, we use p as the final discriminant and

select the threshold that optimizes the significance. The corresponding 1o and 20 constraints
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on the dimension-6 operators are shown in Fig. 30.
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Figure 30: Limits on Wilson coefficients of dimension-6 operators with an integrated lumi-

nosity of 3 ab™'.

The 95% C.L. limits are given numerically in Tab. 16. In the top row, we give the limits
on ¢;/A? for each operator, one at a time. The VBF search is most sensitive to the (’)g’)
operator, as expected [197]. Fixing ¢; = +1 allows us to translate the bound into a limit on

the scale A which we show in the middle and bottom rows of the table.

cg’) cg) Cu Cq
¢/ A2 [TeV™?] | [-0.32,0.40] [3,1.72] [-1.5,3.1] [-5.24, 4.20]
A [TeV] (¢; = +1) 1.6 0.76 0.57 0.49
A [TeV] (¢; = —1) 1.8 0.58 0.82 0.44

Table 16: Dimension-6 results at 95% C.L. with an integrated luminosity of 3 ab™'.
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Figure 31 shows the search significance as a function of A for the form factor, Eq. (5.4),
with n = 2 and n = 3. Since n = 3 has a steeper suppression than n = 2 the significance for

fixed A is larger. The 95% C.L. limits are 0.8 TeV and 1 TeV.
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Figure 31: Search significance as a function of the scale A for the form factor Eq. (5.4) for

n = 2 (blue) and for n = 3 (orange). An integrated luminosity of 3 ab™" is used.

Finally, we summarize all new physics results together in Fig. 32.
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6.0 Conclusions

Precision measurements of Higgs couplings at high energy scale is of vital importance
in today’s particle physics research. Any deviation of Higgs couplings from the SM values
could be a gateway to possible new physics. We studied the rare Higgs boson decay into
charm quarks with a new approach in chapter 2. In chapters 3 and 4, the phenomenology
of Htt coupling at TeV scale were studied in details, which highlight the Higgs couplings
in time-like domain and space-like domain respectively. At last, chapter 5 features probing
HV'V coupling at high transverse momentum regime.

In chapter 2, we first reviewed the existing searches at the LHC and obtained the pro-
jection at the HL-LHC in probing the charm-Yukawa coupling, as summarized in Table 6.
We proposed to study a new channel: the Higgs boson production via the VBF mechanism
plus an additional hard photon in the hope to observe the challenging decay mode H — cc.
The additional photon helps for the trigger to this hadronic decay process and to suppress
gluon-rich QCD multi-jet background. The search that we proposed can utilize existing
ATLAS and CMS triggers or offer new opportunities, for instance utilizing charm tagging
in the HLT. We presented our specific proposal for the trigger design in Sec. 2.1. Based
on the trigger considerations and the kinematic features of the signal, we first performed a
cut-based analysis in Sec. 2.2.1, which yielded a sensitivity for signal strength u of about
43 times the SM value at 95% CL; at the HL-LHC. A boosted decision tree described in
Sec. 2.2.2 enhanced the sensitivity by roughly 30% (using the same definition of relative
change as used in Sec. 2.2.2), to about 29 times the SM value at 95% CL; at HL-LHC,
corresponding to an upper limit of y. as 13 times the SM value. Our obtained constraint on
charm-Yukawa coupling, summarized in Table 10, is better than the H — J/v + v chan-
nel [57]. Even though the limit obtained in our analyses is slightly weaker than the ZH
direct search by ATLAS [45], our channel will provide complementary information and a
combination of different search channels can further improve the limit. Global analyses of
all the Higgs couplings [53, 61, 62, 63] could result in a more sensitive probe than the direct

search result H — cc, but admittedly depending on model-dependent assumptions, such as
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|ky| < 1 ete. Direct measurements of charm-Yukawa coupling are nevertheless indispens-
able. Finally, we provided the first investigation of the VBF cross section with an associated
photon at higher collider energies of 30 TeV and 100 TeV. Assuming the same signal and
background acceptance as well as the similar detector performance, some improvement of
the sensitivity would be anticipated, as shown in Table 10. As we are entering the new phase
of the LHC mission, it is important to push for the challenging measurements and to fully
realize the potential for discovery at both the energy frontier and the precision frontier.

In chapter 3, we have systematically studied the off-shell Higgs production in the pp —
H* — Z(00)Z(vv) channel at the high-luminosity LHC. We showed that this signature is
crucial to probe the Higgs couplings across different energy scales potentially shedding light
on new physics at the ultraviolet regime. To illustrate its physics potential, we derived
the LHC sensitivity to three BSM benchmark scenarios where the new physics effects are
parametrized in terms of the Higgs boson width, the effective field theory framework, and a
non-local Higgs-top coupling form factor. The combination of a large signal rate and a precise
phenomenological probe for the process energy scale, due to the transverse ZZ mass, ren-
ders strong limits for all considered BSM scenarios. A summary table and comparison with
the existing results in the literature are provided in Table 12. Adopting Machine-learning
techniques, we demonstrated in the form of BDT that the HL-LHC, with £ = 3 ab™! of
data, will display large sensitivity to the Higgs boson width, I'y /T3 < 1.31. Our work
is recognized and cited by a recent paper from the ATLAS collaboration on the off-shell
Higgs boson production and constraint on the Higgs total width [226]. In addition, the
characteristic high energy behavior for the new physics terms within the EFT framework
results in relevant bounds on the (ky, r,) new physics parameters, resolving the low energy
degeneracy in the gluon fusion Higgs production. In particular, we observe that the LHC
can bound the top Yukawa within x; =~ [0.4,1.1] at 95% CL. The upper bound on & is
complementary to the direct Yukawa measurement via t¢H and can be further improved in
conjunction with additional relevant off-shell Higgs channels. Finally, when considering a
more general hypothesis that features a non-local momentum-dependent Higgs-top interac-
tion, we obtain that the HL-LHC is sensitive to new physics effects at large energies with

A=15TeV forn=2and A = 2.1 TeV for n = 3 at 95% CL. We conclude that, utilizing the
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promising H* — Z(¢T¢~)Z(vv) channel at the HL-LHC and adopting the Machine-Learning
techniques, the combination of a large signal rate and a precise phenomenological probe for
the process energy scale renders improved sensitivities beyond the existing literature, to all
the three BSM scenarios considered in this work.

In chapter 4, we studied the prospects to directly probe the Higgs-top coupling for new
physics at high energy scales using the pp — tth process at the HL-LHC. We considered
two beyond the SM scenarios, namely the SMEFT framework and a general Higgs-top form-
factor, as discussed in Sec. 4.1. We presented in Sec. 4.2 the general phenomenological
effects for these new physics contributions, showing that they could produce augmented new
physics effects at high energy scales. Focusing on the boosted Higgs regime in association
with jet substructure techniques, we explored the largest Higgs branching fraction h — bb
along with the clean leptonic top-quark decays. The BSM effects were constrained through a
shape analysis on the pr, spectrum. We observed the potential sensitivity at the TeV-scale
for new physics both in the EFT and form-factor scenarios. The chromomagnetic dipole
operator was probed up to A/ /c;c =~ 2.9 TeV and the Oy4 operator to A/\/@ ~ 1.0 TeV,
as shown in Sec. 4.2.1. The limits presented sub-leading differences between the linear
and quadratic ¢;/A? expansion, indicating that our phenomenological study satisfies the
EFT expansion. Finally, when considering a more general Higgs-top quark form-factor in
Sec. 4.2.2, we concluded that the HL-LHC is sensitive to new physics up to the scale A =
2.1 TeV for n = 2 and 2.7 TeV for n = 3 at 95% CL. Further details are summarized in
Table 14. The tth studies at high scales, which directly explore the Higgs-top Yukawa
interaction, results in a competitive and complementary pathway for BSM sensitivity in
comparison to the off-shell Higgs channels and the current ATLAS and CMS limits. Some
improvements in sensitivity can be anticipated by including other modes, such as tt(h — ~v7),
which would yield a cleaner signal but a lower rate [227]. In addition, we can increase our
present tt(h — bb) statistical sample by about a factor of six, if we include one leptonic decay
plus one hadronic decay of the tt. The analysis, however, would be more complex, with
significantly larger QCD backgrounds [228]. Finally, while we adopt MadGraph5_aMCONLO
as our general Monte Carlo generator (that accounts for the signal EFT contributions at

NLO QCD), we acknowledge some other recent important developments associated with the
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ttbb background [229, 230, 231]. We leave those improvements to future work with realistic
simulations.

In chapter 5, we study the phase space region of VBF where the Higgs pr is large. In
this region, there is sensitivity to new physics coming from high scales. We study the impact
of both dimension-6 operators and a nuclear-physics-inspired form factor. We explore the
h(bb)jj channel where the Higgs decays on-shell to bb. The main backgrounds are the SM
contribution to VBF and QCD where the bb is from the splitting of a gluon. For dimension-6
operators, the reach for new physics is up to 1.8 TeV at 95% C.L. This reach is weaker than
previous searches in the v+ and 777~ channels where the decrease is due to the much larger
backgrounds in the bb channel. Ultimately to maximize our reach for new physics the next
step would be to combine all existing channels. Additionally, it would be useful to include
additional decay channels of the Higgs such as W (fv)W ({v). As we have discussed, for
such a channel with invisible particles, one can cut on pr(j1) + pr(j2), since pr(h) would be
unavailable, and maintain sensitivity to the high momentum exchange region of phase space.
With enough data, it would also be interesting to do a simultaneous fit to VBF and diboson
data to better characterize the full space of high energy primary operators.

The discovery of the Higgs boson is a major triumph in particle physics, confirming the
existence of the Higgs field and its unique role in electroweak symmetry breaking. Since
its discovery, the Higgs boson has been a powerful tool to understand the Standard Model
and probe physics beyond it. By studying its properties, we can gain direct insight into the
physics landscape beyond the weak scale. So far, the LHC has only collected approximately
5% of its projected full dataset. Important upgrades are currently underway to prepare for
its high luminosity phase. With larger datasets to be collected during Run 3 and ultimately
at the High Luminosity LHC, we will have even greater opportunities to make fundamental
and challenging measurements, and I believe the Higgs boson will be the lamppost to the

next discovery.
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Appendix A Statistical Methods

Statistical methods are a crucial aspect of particle physics experiments, as we often use
statistical significance to determine whether the observed data are consistent with the pre-
dictions of a given theory or if they suggest the presence of new phenomena. It is important
to evaluate and interpret experimental results to ensure that any observed signals are real
and not just random fluctuations in the background. In this appendix, I present the statis-
tical methods used throughout this thesis to characterize the sensitivity to a certain physics

signal.

A.1 Gaussian Statistics

In an experiment, the result usually consists of an observed number of events n. This
random variable can be modeled by a Poisson distribution with a mean of us + b, where s
and b are the expected numbers of events of the signal and background processes, given by
our theory. We are interested in the discovery significance expected under the assumption
of = 1. In the limit of large numbers of events, the mentioned Poisson distribution can
be approximated as a Gaussian distribution with a mean of us + b and standard deviation
of \/us +b. The p-value of the background-only hypothesis is the probability of finding n

greater than or equal to the numer observed:

n—=b
Vb

where ® is the cumulative distribution function (CDF) of the standard Gaussian distribution.

p =

); (A1)

The corresponding significance is then

Z=0"11—-p) = : (A.2)
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where @71 is the quantile function of the standard Gaussian distribution. Assuming p = 1,

then the median of n is equal to s + b, thus the significance of discovery is

7 = NG (A.3)

We adopted this definition to quantify our sensitivity to the signal processes in chapter 2

and 5.

A.2 Binned Log-likelihood

In chapters 3 and 4, we use a more sophisticated method called binned log-likelihood
analysis to derive sensitivity to new physics scale. First, we construct the likelihood function

which is the product or Poisson probabilities for all bin:
N
By ) PSR (A.4)
=1

where n; is the observed number of events in i-th bin, while s; and b; are are expected number
of events for signal and background in i-th bin. The expected number of events is simply

scaled by luminosity £ as

s; =L 0f, (A.5)
(A.6)

where of and o? are differential cross-sections in i-th bin for signal and background respec-

tively. The profile likelihood ratio is defined as

_ L(u,0)
Ap) = LG0) (A7)

where the denominator is the global maximum of likelihood L and € denotes any nuisance

parameters which are not relevant in our case. Then naturally the log-likelihood ratio would
be
—2In A(ir) = —21In L(p, 0) + 2L(j2, 6). (A.8)
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The test statistic for discovery of a positive signal is defined as

—2InA(0) for >0
qo = (A.9)
0 for <0

In order to find ¢y, we assume the observed number of events is given by BSM, namely
n; = s; + b;. As a result, the global maximum of likelihood function corresponds to i = 1.

Therefore we have
N
—2I0 Ly = =2 Y niIn(s; + b;) — (s; + bi) — In(ny!). (A.10)
=1

By Stirling approximation Inn! ~ nlnn — n, we can easily see that Eq. A.10 vanishes.

Therefore, the only contribution to ¢q is

N
g =—-2InL(p=0)= —2;(si—|—bi)ln Siz—)iibi + 5. (A.11)
The discovery significance is then
N .
7 = \/qo = 2;(3i+bi) 1n(1+b—z) — 5. (A.12)
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Appendix B Parton Level Analysis of VBF+~ with h — bb

In chapter 2, we presented a new approach to probe the decay of Higgs boson into a pair
of charm quarks in the vector boson fusion (VBF') production with a photon radiation. This
channel can also be utilized to study Higgs boson decay to a pair of bottom quarks [96, 97].
In parallel to the analysis detailed in chapter 2, we also did a parton-level analysis of h — bb
in VBF with a photon.

The calculation of vector boson fusion as a main production mechanism of the Higgs
boson is well-known, while VBF+~ is less studied. To validate our calculation set-up, we
first followed the LHC Higgs Cross Section Working Group [1] to calculate the differential
distributions of four observables in VBF (pp — hjj): transverse momentum of the Higgs
boson pi, the transverse momentum of the leading and sub-leading VBF jets p];’z and the
invariant mass of the VBF jet pair M;;, with the following cuts

; .
P > 20GeV, || <5,
g (B.1)

‘Anjj| > 3, ij > 130GeV.
Results are shown in Fig. 33 in red. Our calculations are found to agree with the LHC Higgs
Cross Section Working Group within 10%. We proceeded with the same set-up to calculate

our desired signal pp — hjj7, with the following requirements on the photon
pr > 30GeV, |n7] < 1.37or 1.52 < || < 2.37. (B.2)

The resulting differential distributions are shown in Fig. 33 in blue. As expected, the kine-
matics of vector boson fusion with a photon radiation are very similar to VBF, but with an
event rate of roughly two orders of magnitude less due to the small electromagnetic coupling.
This is a trade-off for two advantages of this channel: (i) the additional photon gives us an
extra handle to trigger on, improving the trigger efficiencies; (ii) the extra photon also helps
suppress the huge QCD backgrounds.

After validating and establishing the calculation set-up, we investigated the decay of

the Higgs boson into a pair of bottom quarks in pp — hjjvy, which is our signal process.
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Figure 33: Differential distributions of transverse momentum of the Higgs boson, leading

and sub-leading VBF jets as well as invariant mass of the VBF jets at /s = 13 TeV.

The dominant background is QCD multijet background pp — bbjj~, calculated with the
same set-up. To identify the signal from the background processes, we start with a series
of pre-selections, followed from [96]. We require that in the final states there is one photon
satisfying

ph > 30 GeV, 7] <1.37 or 1.52 < |n| < 2.37. (B.3)

Events are required to have 4 jets with
ph > 40 GeV and || < 4.4. (B.4)

At least 2 jets in the central region |/| < 2.5 are required to be b-tagged at 77% efficiency
working point. The two highest-pt b-tagged jets are identified as signal jets from the Higgs
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boson decay while the remaining jets are identified as the VBF jets. The VBF jet pair is

required to have high invariant mass

In addition, the signal b-jet pair is required to have pf > 80 GeV to remove potential bias
in my, distribution.

To fully utilize the available range of kinematic features, we opt to incorporate several
additional kinematic observables that effectively distinguish between signal and background.
The distributions of these observables, after applying pre-selections, are illustrated in Fig. 34

and 35. Apart from the pre-selections, we make prudent cuts based on signal kinematics
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Figure 34: Distributions of useful observables for signal (blue) and multi-jet background

(red) after pre-selections.
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to further refine our analysis. The invariant mass of the VBF jets tends to be large, so we

require

M;; > 1300 GeV. (B.6)

The transverse momentum of the VBF jet pair is governed by the W/Z exchange and thus

relatively low, so we demand
P =Pl + pP?| < 300 GeV. (B.7)

Moreover, as the VBF signal exhibits a significant rapidity gap between the two forward-

backward jets, events with substantial pseudo-rapidity separation between the two jets are
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chosen for
Anjj = [nj, — nj,| > 4. (B.8)

In our signal process, the photon does not radiate from b-jets from Higgs decay. Therefore,
the angular separation between the signal b-jets and the photon tends to be larger, which

distinguishes it from the QCD background. As a result, we require
AR(by2,7v) > 1.2, (B.9)

where by o are leading and sub-leading b-jets. We also make use of the centrality of the

photon relative to the VBF jets and require

Yy — Yj1ty;2
centrality = | 2—2—| < 0.35, (B.10)
Yi1 — Yj2

where y is the rapidity of the jet or photon. Additionally, we utilize the azimuthal angular

information on the transverse plane and require
Ag(jj) <2 (B.11)

The invariant mass of the signal b-jet pair my, is the most powerful discriminant. Due to
finite jet-mass resolution, we expect a relatively wide mass window and therefore require the

invariant mass of the b-jet pair to be within
100 GeV < myy, < 140 GeV. (B.12)

It should be noted that at parton level, the mass resolution of the signal is infinitely good
so the result would be towards the optimistic side. Nevertheless, the physics essence of
these selections still applies. The expected numbers of events from signal and background

of integrated luminosity 3 ab™' are shown in Table 17.
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Signal | Background
Pre-selections 3117 1.3 x 10°
Optimized selections 643 5.3 x 10%
100 GeV < m. < 140 GeV | 643 2878
S/vVB 8.4

Table 17: Expected yields of signal and multi-jet background at the HL-LHC with 3 ab™*

from a cut-based analysis.
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Appendix C Generator-Level Cuts in VBF kinematics

In chapter 5, our dominant background is QCD multijet background which is known to
be challenging in simulation. Therefore, to enhance the efficiency of event generation, we
applied the following cuts at the generator-level. In each sample the final state at parton-
level includes two b-quarks and two light flavor quarks. The b-quarks are labelled as b; and
bs, in descending order of pr, while the light flavor quarks are labelled as j; and j, following

the same scheme.

o pr(j1) > 40 GeV, pr(jz) > 10 GeV.

e pr(by) > 65 GeV, pr(by) > 45 GeV.

o 3<InGl <5, [n(G2)| <5, [n(bi)] <3, [n(b2)| <3

o [n(j1) —n(j2)| > 25.

e AR(j1,72) > 0.4, AR(by,by) > 0.4, AR(b,j) > 0.4, where AR(b, j) refers to any pair of
b-quark and light flavor quark and AR(a,b) = /(n(a) — n(b))% + (¢(a) — ¢(b))2.

e pr(bb) > 120 GeV, where pr(bb) is the transverse momentum of the bb system.
e m(jj) > 550 GeV where m(jj) is the invariant mass of the dijet system.
e 110 GeV < m(bb) < 140 GeV, where m(bb) is the invariant mass of the bb system.

Already with these generator-level cuts, the impact of dimension-6 is observable. Fig-
ure 36 shows the cross section of BSM where the coefficient of a single dimension-6 operator

coefficient is varied.
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Appendix D Contribution from O,y to VBF channel

In chapter 5, we focused on four dimension-6 operators that contribute to the vector
boson fusion processes. Their effect is to induce new interactions of our interest qqV H.
Operators that modify the existing vertex such as hV'V vertex can also contribute. In

addition to the operators discussed in chapter 5, we also investigate the effect of operator

Ogw which defined as

,02

Ogw = (97 — E)Wf”wjy. (D.1)

In Fig. 37, we show the comparison between operators Qg and (98’ ) in the parton-level
distributions of four observables: transverse momentum of the Higgs boson p#, the transverse
momentum of the leading and sub-leading VBF jets pgf  and the invariant mass of the VBF
jet pair M;;, after the following cuts
i :
pp > 20GeV, || <5, (0.2)
|An;;| >3, M;; > 130GeV.

We can see from the figure that Oy has positive interference with the SM while (’)S’ ) has
negative interference. It is noted that at high transverse momentum, especially high pZ
and pgﬁ, positive Wilson coefficient of Og) can result in an enhancement despite negative
interference. This suggests that at high energy, the quadratic contribution from the operator
becomes important and cancels with the linear contribution. It is also important to note that
among the four observables, M;; is the least sensitive to new physics effect, while pf is the
most sensitive one, pjT1 is also comparable. The figure also shows that Qg is less sensitive
than Og’ ), Nevertheless, we derive the constraint for Qg following the same procedure in

chapter 5, and we found at 95% C.L.,
cow /N € [—0.82,0.57]/TeV?. (D.3)

Assuming O(1) Wilson coefficient, this can be translated to bound on new physics scale A

up to 1.3 TeV.
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