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Searching for Physics Beyond the Standard Model:
From Neutrinos to the Higgs Bosons

Han Qin, PhD

University of Pittsburgh, 2022

This thesis consists of several projects of particle physics phenomenology in two major
directions: (1) search for new physics effects on Higgs couplings at high energy scales; (2)
realization of a UV-complete model of neutrino mass and non-standard interactions, accom-
panied by its phenomenological signatures at hadron colliders.

In the search of the “Beyond the Standard Model” (BSM) effects on Higgs couplings,
we first explore the off-shell Higgs boson (h) measurement in the pp — h* — Z({T0~)Z(vi)
channel at the high-luminosity (HL) LHC. The new physics sensitivity is parametrized in
terms of the Higgs boson width, dimension-6 operators in the effective field theory, and a
non-local Higgs-top coupling form factor. In another project along the same direction, we
explore the sensitivity to new physics for the coupling of Higgs boson and top quark (¢) at
high energy scales with the process pp — tth which probes the coupling in both space-like
and time-like domains at a high scale, complementary to the off-shell Higgs processes in
time-like domain. Both channels present strong sensitivities to the new physics scale and
will be studied by the ATLAS and CMS collaborations.

In the aspect of BSM effects on neutrino physics, we study the non-standard interactions
of neutrinos with light leptonic scalars (¢) in a global (B — L)-conserved ultraviolet (UV)-
complete model. The model utilizes Type-II seesaw motivated interactions with an SU(2)-
triplet scalar and an additional singlet scalar. The UV-completion leads to an enriched
spectrum and new observable signatures. We examine the low-energy lepton flavor violation
constraints, as well as the perturbativity and unitarity constraints on model parameters.
Then we lay out a search strategy for unique signatures of the model. We present the mass
reach of the doubly-charged scalar at HL-LHC and future 100 TeV hadron collider, we also
demonstrate that the mass of ¢ can be determined at about 10% accuracy at HL-LHC for

the large Yukawa coupling scenario even it escapes as missing momentum from detectors.
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1.0 Introduction

Over the centuries, one of the major goals of physics is to understand the most fundamen-
tal constituents of nature and their laws of interactions. With the development of quantum
field theory and the discoveries benefited from modern collider technology, the Standard
Model (SM) of particle physics was established to serve this purpose since 1960s, and most
of its predictions have been verified in the following 30 years. Before the completion of Large
Hadron Collider (LHC) at CERN, the only missing piece of the SM is the Higgs boson, which
is uniquely important, responsible for the mass generation of all elementary particles. It was
finally discovered in 2012 by both ATLAS and CMS collaborations [13, 14] shortly after the
initial running of the LHC. The milestone discovery of the Higgs boson not only marks the
tremendous success of the SM, but also leads a path towards the search of physics Beyond
Standard Model (BSM).

The observed Higgs mass is around 125 GeV, which is way below the Planck scale (~ 10
GeV). The huge gap between the Planck scale and electroweak scale requires unnatural fine-
tuning in quantum corrections to the Higgs mass if the SM theory is valid to the Planck
scale. To provide a satisfactory mechanism for the large cancellation, theories of BSM are
needed to solve this hierarchy problem in a more natural way. In the absence of new particles
beyond the SM, precision measurements of the Higgs properties, especially at high energy
scales, may be the good approach to probe the new physics effects.

Another puzzle related to the Higgs boson is that the electroweak (EW) symmetry break-
ing generates the mass of other elementary particles in the SM, but it lacks an explanation
of the non-zero mass of neutrinos observed in neutrino oscillation experiments. Many ideas
as theoretical extensions of the SM have been proposed to explain the origin of neutrino
mass. However, the underlying principle of neutrino mass generation remains unknown and
the associated new physics is yet to be discovered.

In this thesis, I study the phenomenological consequences of possible BSM solutions to
these puzzles. Hopefully the work would guide the experimental searches and shed light on

future explorations.



1.1 Framework of Standard Model

The Standard Model of particle physics utilizes the non-Abelian gauged quantum field
theory to describe all the fundamental constituents in nature, which are known as elemen-
tary particles, and three of the four fundamental interactions (except gravity) among these
particles.

In the SM, we use fields to represent the elementary particles, each elementary particle
is a quantum of corresponding quantum field. Based on the spins of elementary particles, we
can classify them into elementary bosons and elementary fermions. Most elementary bosons
are spin-1 gauge vector bosons, they are the force carriers of those fundamental interactions.
Fermionic particles interact with each other by exchanging these gauge vector bosons. Higgs
boson is the only elementary particle in the SM that has spin-0, it plays a key role in ex-
plaining the spontaneous summery breaking of the SM and generating mass of other particles
through Higgs mechanism. Elementary fermions with Spin—% can be further categorized into
quarks that carry color charges and participate in strong interaction, and leptons that only
experience electroweak interaction. Quarks have three generations, each generation contains
a up-type quark and down-type quark. Leptons also have three generations, each generation
can be divided into charged lepton which carries one unit of electric charge e, and neutrino
that is electric neutral thus does not experience electromagnetic force. The left-handed fields
of quarks and leptons should be differentiated from their right-handed ones because the weak
interaction is chiral. Table 1 and Table 2 summarize the field contents of the SM, and their
quantum numbers.

The three interactions explained by the SM are strong interaction, weak interaction and

electromagnetic interaction, the gauge groups associated with these interactions are

The SU(3)¢ is the gauge group of quantum chromodynamics (QCD) which describes the
strong interaction, there are 8 gauge bosons GZ (gluons) and a gauge coupling g, that

controls the strength of strong interaction. QCD is non-chiral and acts on quarks with 3



Table 1: Bosonic contents of Standard Model

Quantum Number

Type Spin Fields
SU3)e, SU(2)L,U(1)y
Hypercharge Boson 1 B, (1,1,0)
Weak Boson o wLwwi (1,3,0)
Gluons I Gj,a=1.38 (8,1,0)
: ¢* !
Higgs 0 H= (1,2,3)

¢O

Table 2: Fermionic contents of Standard Model

Quantum Number

Type Fields
SU(3)e, SU2)1, U(1)y
ur, Cr, tL (3 2 l)
dL ) 5 ’ bL )y 6
Quark )
U/R, CR7 tR (37 17 3)
dR7 SR, bR (3’ 1’ _%>
Ver VuL VrL (1 2 _l)
Lepton er L I 2
€R, LR, TR (17 17 _1)

colors. Since SU(3)¢ group is unbroken in the SM, the gluons remain massless while quark
mass is generated through the Higgs mechanism.

The electroweak interaction is unified in the SM by SU(2), x U(1)y group, SU(2).
is chiral and only acts on left-handed fermion fields. The Wli and B, are gauge fields of



electroweak theory in unbroken phase, their coupling strengths are controlled by ¢ and ¢'.
After spontaneous symmetry breaking SU(2), x U(1)y — U(1)gm, Higgs field developed a
vacuum expectation value (vev) in its CP-even neutral component, then the gauge bosons
can be projected into their mass eigenstates: W=, Z° that mediate the weak force, and ~°
that carries the electromagnetic force.

With the field contents and gauge groups of Standard Model, we can write the compact

form of the SM Lagrangian as follows
D%SM = ggauge + ﬂermion + D%Higgs + D%Yukawa- (12)

The first two include the kinetic terms of fermions and vector bosons as well as their inter-

actions, writing them explicitly would read

1 % vi 1 % Vi 1 v
ggauge = _ZG;WG“ — —ZI/V#VVV‘u — ZB/WB“

S (1.3)
Lermion = Y |Q1iDQ' + Uy i Py + dy iy, + LHiPL + &y i el

i=1
where the field strength tensors are defined as:
Gfﬂ, =0,G" — 8VGL — gsfijkG'ZGl]f7 i,j,k=1---8
Wi, =0W, —0,W, —geuWIWp, i jk=1---3 (1.4)
B,, =0,B,-0,B,
with L, () denote the doublets of leptons and quark, ug, dg, eg denote right-handed up-type
quarks, down-type quarks and charged leptons respectively.
Higgs potential is included in the third term and it triggers the spontaneous symmetry
breaking. Last term describes the Yukawa interaction between the Higgs and SM fermions,

it is responsible for generating fermion mass after Higgs gets the vev. Ziiges and Lrkawa

will be revisited in details in next sections.



1.2 Higgs Mechanism and Hierarchy Problem

The Higgs mechanism[15, 16, 17] is one of the most important ingredients of the SM, it
gives rise to particle mass through the spontaneous symmetry breaking (SSB) of SU(2), X
U(1)y. To understand how it works, we need to take a look at the Higgs term of the SM

Lagrangian:
Lrtiges = (D, H)' D'H — V(H) (1.5)
D, H is the covariant derivative of Higgs field, with 7% = "—; as the canonical generator of
SU(2) group, it reads
1
D,H=0,H—igrt"WyH — 52 ¢ B,H (1.6)

V(H) is the Higgs potential that can be expressed as
1
V(H) = g2 HP + 2] (1.7

When the quadratic coefficient u? > 0, the potential minimizes at (H) = 0, the gauge group
of the SM remains unbroken. However, when the coefficient p? < 0, there are two extreme
points of Higgs potential: (H) = 0 or (H) = y/—2p2/\. The symmetric solution (H) = 0
is unstable thus Higgs potential must minimize at (H) = \/—2u%/)\, making it break the
SU(2), x U(1)y symmetry.

’U2 2

By defining the vacuum expectation value (vev) of Higgs field as % = _%\“ , We can

rewrite the Higgs field around the vev:

7T 0
H = ' .
exp (2Z - ) i (1.8)
V2

where 1 are the Goldstone bosons which will become the longitudinal component of massive

weak bosons, they can be set to zero 7* = 0 under unitary gauge. h is the fluctuation along

the radial direction, it acquires a mass term m} = ’\7”2 once we expand the Higgs potential

around vev, this is the Higgs boson observed in 2012. The newest measurement of Higgs

mass yields my, = 125.25 + 0.17 GeV [3].



By plugging the vev in the kinetic term of Higgs Lagrangian, we can get that:

2 / 2
D, H* = 92% [(Wﬁ)2 + (W2 + (%Bﬂ - Wj) + h terms (1.9)

Define tanf,, = % where 0,, is widely known as Weinberg angle, we can rotate the B, and

W2 to their mass eigenstates:

Z, = cos HwWi’ —sin 6, B,

(1.10)
A, = sin GwW;f + cos 6, B,
Also we can rewrite the W, and W7 as
WlFiw?
Wr=—-+—=" AT (1.11)
V2
With Eq.(1.10) and (1.11), the quadratic terms in Eq.(1.9) can be expressed as:
2,2 1(a2 + a2)o2
Zou > Ly (I g g (1.12)

The W#* is the charged W bosons which were discovered in 1983 [18, 19], and the Z,, is
the neutral Z boson which was also discovered in 1983[20, 21] a few months later than W

discovery. We can read their mass from Eq.(1.12) that my = %% and myz = §1/¢> + ¢ =

TW_  The newest measurement of their mass from PDG summary table yields that my =

cos Oy

80.379 £ 0.012GeV and my = 91.1876 £ 0.0021 GeV. The A, has no quadratic term in
the SM Lagrangian, it remains massless so the its associated gauge group U(1)gy is still
symmetric after SSB. It turns out A, is the photon that mediates the electromagnetic force,

and the coupling strength of electromagnetic interaction is also set by Weinberg angle:
e =g sinf, = ¢ cosb, (1.13)

To understand the mass generation of the SM fermions, we need to take a look at the

Yukawa interaction term. In the SM, this term is written as

v = —Yi, L'Hely — YEQ'Hdy — Y Q' Huly + h.c. (1.14)



where H = io2H, L and @ are doublets of leptons and quark, i,j = (1,2, 3) refers to the

flavor number. After the Higgs field gets the vev, the Eq.(1.14) will have a mass term

ﬂyl g el — —%Ygdgdg - EY“ulLuR +he. (1.15)

Generally, Y;; are all 3 x 3 matrices, but we can always rotate the flavor basis to mass

gmass =

basis by transforming

UL/R dr/r €L/R
uiL/R = UE/R CL/r | > iL/R = Ug/R SL/R | » eiL/R = Ui/R HL/R (1.16)
lr/r br/r TL/R

and thus diagonalize all the Y;; matrices. Then all fermion mass is solely determined by
its Yukawa coupling m; = %, where y; are the eigenvalues of Y;; matrices. Such diago-
nalization does not influence neutral current interactions (i.e. interactions with Z boson or
photon) since they are already diagonal in flavor. However, the charged current interactions
involving W boson will be modified because they change the fermion flavor. For quarks in
mass basis, such interaction becomes

ZLco. D —27 [WJFUL”y“VideL + Wl:cf"L”y“(VT)ijuﬂ (1.17)

where V = (U%)TU¢ is known as CKM matrix, it implies quark mixing among the generations

in charged weak interaction.
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Figure 1: Top loop correction to Higgs mass

Nowadays the masses of heavy quarks (c, b, t), charged leptons (e, i, 7) and Higgs boson

have been measured to great precision, the SM seems working fine. However, there is a big



concern related to the measured Higgs mass m;, ~ 125GeV. If we calculate the one loop
correction to my, by top quark loop whose contribution is largest in the SM, shown in Fig.1,
we find that the correction dmy, is proportional to the square of cut-off scale A. Assume that
the SM is only valid up to a certain scale, this A could be regarded as the next new physics
scale. If the A is around Planck scale ~ 10 GeV, there will be a huge hierarchy between
the new physics scale and Electroweak scale, and it’s unnatural to separate these two scales
while keep the Electroweak scale stable at current value.

Many BSM theories have been come up with to solve the issue. For example, super-
symmetric models lift hierarchy problem by introducing new symmetry in addition to those
in the SM, so the quadratic divergence could be eliminated by super partners of the SM
particles due to the supersymmetry, or the composite Higgs models evade the hierarchy
problem by postulating Higgs boson is a condensed bound state rather than an elementary
particle, thus the new physics scale could be lowered to O(TeV). All these theories will have
phenomenological consequence on Higgs couplings with other SM particles. The deviations
of Higgs coupling from the SM values could be parameterized with an Effective Field Theory
(EFT) integrating out the BSM heavy states or empirical formula, and LHC is the best place
to search for such deviation. The Chapter 2 and 3 study the Higgs couplings in different
channels along this direction to explore the hints of possible BSM physics.

1.3 Neutrino Oscillation and BSM Physics Including Neutrino

In the field contents of Standard Model, there is no right-handed neutrino, thus neutrinos
stay massless even after the spontaneous symmetry breaking as shown in Eq.(1.15). Unlike
the massless photon whose masslessness is protected by gauge symmetry, massless neutrino
is only accidental in the SM. Over the decades, persuasive experimental evidence from the
observation of neutrino oscillation has shown that neutrinos have a very tiny but non-zero
mass contrary to the SM predictions.

It has been noticed back in 1960s that the flux of electron neutrino coming from the

sun was significantly smaller than that predicted by standard solar model. Scientists also



noticed that the ratio of flux of muon neutrino to electron neutrino produced by cosmic rays
was smaller than predicted value. These early indications drove the experimental searches
of neutrino oscillation. Finally the incontrovertible data from Super-Kamiokande[22] and
Sudbury Neutrino Observatory|[23] confirmed that neutrino could change its flavor during
its propagation. The compelling evidence of neutrino oscillation indicates that neutrinos are
massive and lepton flavors are mixed just like quark mixing. This is also the first evidence
that the SM of particle physics is incomplete, and BSM physics is required to explain the
neutrino mass.

In the SM, the neutrino v, v,, v; are defined to be the flavor eigenstates, they accord
with three charged leptons e, p, 7 in their production processes via the weak charged cur-
rent interactions. We need to introduce three mass eigenstates vy, 15, v3 with eigenvalues
my, My, m3 to explain the phenomenon of neutrino oscillation. Since flavor eigenstates do
not align with mass eigenstates, their mixing could be described by a 3 X 3 unitary matrix

which is known as PMNS matrix:

Ve U Ue Ues 21
Uy = Uul Uu? UMS Uy (118>
Vr UTl UT2 UTS V3

The PMNS matrix is most commonly parameterized by three mixing angles 615, 023, 613 and
a single phase angle called dcp related to CP violation. Most recent measurements show
that neutrino mass is very small m; < 1.1eV according to the newest review by Particle
Data Group (PDG) [3], and the best fitted values of PMNS matrix parameters could be also
found there [3].

If a neutrino with certain flavor o and energy F is produced as the source, its flavor state

could be written as a superposition of mass states according to PMNS matrix:

Va(0) = Z U, vi(0) (1.19)

After the neutrino propagating a length L from the source, each mass state could be expressed

by solving the equation of motion at the leading order in m?



vo(L) = z; Ui exp [_i % L] v;(0) (1.20)

Thus there exist a probability that we could observe another flavor g from this neutrino,

and the probability is:

3 3
CAmZ,
P(va = v5) = [(plva(L)* =D " Uaillg;Us,Us; exp {—z S L] (1.21)
i=1 j=1

where Amg; = m; —m3.
The origin of neutrino mass remains mysterious, the simplest way to generate neutrino
mass is to add the right-handed neutrinos and include the Dirac mass term of neutrino

through Yukawa interaction
gz/—Yukawa = —YV EﬁVR -+ h.c. (122)

then the neutrino mass is simply m, = y,v/v/2, where v ~ 246 GeV is the Higgs vacuum
expectation value. A new question, however, will arise if we choose this simplest approach to
get the correct neutrino mass: why is neutrino Yukawa coupling v, only 10~% of the smallest
Yukawa coupling y. in the SM? Seesaw models have been proposed since then to generate the
tiny neutrino mass in a more natural way. The general idea of seesaw models is to introduce
new degree of freedom to the SM with a seesaw scale M where M > v. The physical mass
of neutrino m, oc v?/M, consequently neutrino mass is suppressed by the seesaw scale and
naturally small.

The existence of neutrino mass is a clear sign for new physics beyond the SM, neutrino
non-standard interactions (NSIs) were introduced to account for BSM effects using a general
EFT description. Among numerous NSIs, there is one term that draws increasing attention
recently:

Dsts O Geg (ﬂl/)(ﬁl/) (1.23)

because the measured Hubble parameter Hy from CMB measurement is lower than what we
got from supernovae measurement [24, 25, 26, 27, 28|, such discrepancy has grown to ~ 4o.
Scientists start exploring the non-standard four neutrino self-interaction, if Geg > Gormi, the

neutrinos still scatter with each other after weak decoupling from electromagnetic plasma,
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preventing neutrinos from free streaming. As a consequence, the temperature of neutrinos
would evolve differently, causing the effective number of degrees of freedom g* or effective
number of neutrinos Neg higher than what the SM predicts in early universe. The Hubble
parameter is proportional to the square root of energy density, which is proportional to g*.
A higher ¢* will lead to a higher Hy, so the NSI in Eq.(1.23) provides a possibility to relax
the current Hubble tension.

Neutrino NSIs are typically expressed in EFT like Eq.(1.23), it means the underlying UV
complete picture is usually ignored. In Chapter 4, a ultraviolet(UV)-complete model which
achieves a four-neutrino self interaction is presented, our model is motivated by the famous
Type-II Seesaw model, and additionally introduces a new complex scalar carrying lepton
number to mediate the neutrino self interaction, thus the new complex scalar is dubbed as
"leptonic scalar”. Due to the enlarged particle contents, our model has rich phenomenology

at LHC, and several most intriguing channels are studied in details in that Chapter.
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2.0 Off-shell Higgs Couplings in H* — ZZ — (lvv

After the Higgs boson discovery at the Large Hadron Collider (LHC) [15, 29, 30, 31, 32],
the study of the Higgs properties has been one of the top priorities in searching for new
physics beyond the Standard Model (BSM). Indeed, the Higgs boson is a unique class in the
SM particle spectrum and is most mysterious in many aspects. The puzzles associated with
the Higgs boson include the mass hierarchy between the unprotected electroweak (EW) scale
(v) and the Planck scale (Mpr), the neutrino mass generation, the possible connection to
dark matter, the nature of the electroweak phase transition in the early universe, to name
a few. Precision studies of the Higgs boson properties can be sensitive to new physics at a
higher scale. Parametrically, new physics at a scale A may result in the effects of the order
v? /A%

So far, the measurements at the LHC based on the Higgs signal strength are in full
agreement with the SM predictions. However, these measurements mostly focus on the on-
shell Higgs boson production, exploring the Higgs properties at low energy scales of the
order v. It has been argued that if we explore the Higgs physics at a higher scale @, the
sensitivity can be enhanced as Q?/A2%. A particularly interesting option is to examine the
Higgs sector across different energy scales, using the sizable off-shell Higgs boson rates at the
LHC [33, 34, 35, 36, 37]. While the off-shell Higgs new physics sensitivity is typically derived
at the LHC with the H* — ZZ — 4¢ channel [38, 39, 40, 41, 42, 43, 44, 45], we demonstrate
in this work that the extension to the channel ZZ — ({vv can significantly contribute to the
potential discoveries. This channel provides two key ingredients to probe the high energy
regime with enough statistics despite of the presence of two missing neutrinos in the final
state. First, it displays a larger event rate by a factor of six than the four charged lepton
channel. Second, the transverse mass for the ZZ system sets the physical scale Q? and
results in a precise phenomenological probe to the underlying physics.

In this chapter, we extend the existing studies and carry out comprehensive analyses for

an off-shell channel in the Higgs decay

pp— H* — 27 — 110" vi, (2.1)
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where { = e, p and v = v,, v, v;. Because of the rather clean decay modes, we focus on the
leading production channel of the Higgs boson via the gluon fusion. First, we phenomenolog-
ically explore a theoretical scenario with additional unobserved Higgs decay channels leading
to an increase in the Higgs boson width, T'y/T2M > 1. The distinctive dependence for the
on-shell and off-shell cross-sections with the Higgs boson width foster the conditions for a pre-
cise measurement for this key ingredient of the Higgs sector. We adopt the Machine-learning
techniques in the form of Boosted Decision Tree (BDT) to enhance the signal sensitivity.
This analysis sets the stage for our followup explorations. Second, we study the effective
field theory framework, taking advantage of the characteristic energy-dependence from some
of the operators. Finally, we address a more general hypothesis that features a non-local
momentum-dependent Higgs-top interaction [45], namely, a form factor, that generically
represents the composite substructure. Overall, the purpose of this chapter is to highlight
the complementarity across a multitude of frameworks [41, 40, 46, 42, 43, 44, 45] via the
promising process at the LHC H* — Z(¢0)Z(vv), from models that predict invisible Higgs
decays, passing by the effective field theory, and a non-local form-factor scenario. Our re-
sults demonstrate significant sensitivities at the High-Luminosity LHC (HL-LHC) to the new
physics scenarios considered here beyond the existing literature.

The rest of the chapter is organized as follows. In Sec. 2.1, we derive the Higgs width
limit at HL-LHC. Next, in Sec. 2.2, we study the new physics sensitivity within effective field
theory framework. In Sec. 2.3, we scrutinize the effects of a non-local Higgs-top form-factor.
Finally, we present a summary table in Table.3 to compare our reach of new physics scale

with other channel and literature, and conclude our study in Chaper 5.

2.1 Higgs Boson Width

The combination of on-shell and off-shell Higgs boson rates addresses one of the major

shortcomings of the LHC, namely the Higgs boson width measurement [33, 34]. This method
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Figure 2: Representative Feynman diagrams for the DY qq — ZZ (left), GF g9 — ZZ
continuum (center), and s-channel Higgs signal gg — H* — ZZ (right).

breaks the degeneracy present on the on-shell Higgs coupling studies

on-shell g; (my )9? (M)
i—H—f PH s

(2.2)

where the total on-shell rate can be kept constant under the transformation g; f(mpy) —
£gi.r(my) with Ty — &*Ty. The off-shell Higgs rate, due to a sub-leading dependence on
the Higgs boson width 'y

ol o g (V)97 (V3), (2:3)

breaks this degeneracy, where v/3 is the partonic c.m. energy that characterizes the scale
of the off-shell Higgs. In particular, if the new physics effects result in the same coupling
modifiers at both kinematical regimes [41, 40, 42, 43], the relative measurement of the on-shell
and off-shell signal strengths can uncover the Higgs boson width, fiof.shell/ flon-shell = L'zr/ F%M )

In this section, we derive a projection for the Higgs boson width measurement at the
V/s = 14 TeV high-luminosity LHC, exploring the ZZ — 2(2v final state. We consider the
signal channel as in Eq. (2.1). The signal is characterized by two same-flavor opposite sign
leptons, ¢ = e or p, which reconstruct a Z boson and recoil against a large missing transverse
momentum from Z — vv. The major backgrounds for this search are the Drell-Yan (DY)
processes qq — Z Z, ZW and gluon fusion (GF) gg — ZZ process, see Fig. 2 for a sample of
the Feynman diagrams. While the Drell-Yan component displays the largest rate, the gluon
fusion box diagrams interfere with the Higgs signal, resulting in important contributions

mostly at the off-shell Higgs regime [33].
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Figure 3: Normalized distributions for the missing transverse momentum EX* (left panel),
azimuthal ¢ (central panel) and polar 6 angles (right panel) of the charged lepton ¢~ in the

7 boson rest frame.

In our calculations, the signal and background samples are generated with MadGraphb
aMC@NLO [47, 48]. The Drell-Yan background is generated at the NLO with the MC@QNLO
algorithm [49]. Higher order QCD effects to the loop-induced gluon fusion component are
included via a universal K-factor [35, 50]. Spin correlation effects for the Z and W bosons
decays are obtained in our simulations with the MADSPIN package [51]. The renormalization
and factorization scales are set by the invariant mass of the gauge boson pair @ = myy /2,
using the PDF set NN23NLO [52]. Hadronization and underlying event effects are simulated
with PYTHIAS [53], and detector effects are accounted for with the DELPHES3 package [54].

We start our analysis with some basic lepton selections. We require two same-flavor
and opposite sign leptons with |n| < 2.5 and pry > 10 GeV in the invariant mass window
76 GeV < my, < 106 GeV. To suppress the SM backgrounds, it is required large missing
energy selection F¥® > 175 GeV and a minimum transverse mass for the ZZ system

mZZ > 250 GeV, defined as

2
= \/( My + Py T/ Mm% + (Eff}“mss)z) - ‘?TZ + ﬁ?iss

The consistency of our event simulation and analysis setup is confirmed through a cross-

2

(2.4)
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check with the ATLAS study in Ref. [36].

To further control the large Drell-Yan background, a Boosted Decision Tree (BDT) is
implemented via the Toolkit for Multivariate Data Analysis with ROOT (TMVA) [55].
The BDT is trained to distinguish the full background events from the s-channel Higgs
production. The variables used in the BDT are missing transverse energy, the momenta and
rapidity for the leading and sub-leading leptons (p, ‘', p&2, 1), the leading jet (p},n’"),
the separation between the two charged leptons A Ry, the azimuthal angle difference between
the di-lepton system and the missing transverse energy A¢(p,, E}niss), and the scalar sum of
jets and lepton transverse momenta Hp. Finally, we also include the polar # and azimuthal ¢
angles of the charged lepton ¢~ in the Z rest frame [56, 57]. We choose the coordinate system
for the Z rest frame following Collins and Soper (Collins-Soper frame) [58]. The signal and
background distributions for these observables are illustrated in Fiig. 3. We observe significant
differences between the s-channel signal and background 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#%? [42, 59]. Whereas the

s-channel Higgs tends to have Z; dominance, the DY background is mostly Z; dominated.

Figure 4: BDT distribution for the s-channel Higgs signal (red) and background (blue).
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We would like to illustrate the power of the implemented BDT analysis to separate

the s-channel Higgs from the background contributions in Fig. 4. The BDT discriminator
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is defined in the range [—1,1]. The events with discriminant close to —1 are classified
as background-like and those close to 1 are signal-like. The optimal BDT score selection
has been performed with TMVA. To estimate the effectiveness of the BDT treatment, we
note that one can reach S/v/S+ B = 5 at an integrated luminosity of 273 fb~! with signal
efficiency 88% and background rejection of 34%, by requiring BDT esponse > —0.26. Now that
we have tamed the dominant backgrounds q¢ — ZZ, ZW, we move on to the new physics
sensitivity study.

To maximize the sensitivity of the Higgs width measurement, we explore the most sensi-
tive variable, m4Z distribution, and perform a binned log-likelihood ratio analysis. In Fig. 5,
we display the 95% CL on the Higgs width I'y/T'2M as a function of the /s = 14 TeV
LHC luminosity. To infer the relevance of the multivariate analysis, that particularly ex-
plore the observables (EX 6. ) depicted in Fig. 3, we display the results in two analysis
scenarios: in blue we show the cut-based analysis and in red the results accounting for the
BDT-based framework. The significant sensitivity enhancement due to the BDT highlights
the importance of accounting for the full kinematic dependence, including the Z-boson spin
correlation effects. Whereas the Higgs width can be constrained to 'y /T3 < 1.35 at 95%
CL level following the cut-based analysis, I'y /T3 < 1.31 in the BDT-based study assum-
ing £ =3 ab™! of data. Hence, the BDT limits result in an improvement of O(5%) on the
final Higgs width sensitivity. These results are competitive to the HL-LHC estimates for the
four charged lepton final state derived by ATLAS and CMS, where the respective limits are
[y /T2M < O(1.3) and O(1.5) at 68% CL [1, 2].

2.2 Effective Field Theory

The Effective Field Theory (EFT) provides a consistent framework to parametrize beyond
the SM effects in the presence of a mass gap between the SM and new physics states. In this
context, the new physics states can be integrated out and parametrized in terms of higher
dimension operators [60]. In this section we parametrize the new physics effects in terms of

the EFT framework [61, 62]. Instead of performing a global coupling fit, we will focus on
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Figure 5: 95% CL bound on the Higgs width I'y; /T'?M 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).

a relevant subset of higher dimension operators that affect the Higgs production via gluon
fusion. This will shed light on the new physics sensitivity for the off-shell pp — H* —

Z(00)Z(vv) channel. Our effective Lagrangian can be written as
Z 30912 |H| G;WGIW+ t |H| QLHtR+hC , (25)

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 such a way for future convenience. If
we wish to make connection with the new physics scale A, we would have the scaling as
gyt ~ v2/A% After electroweak symmetry breaking, Eq. (2.5) renders into the following

interaction terms with a single Higgs boson
my
0% Dl‘i912 HG'LWG V—lit—H(thL—i—hC) , (26)
v

where the coupling modifiers xy; and the Wilson coefficients ¢, are related by x, = ¢, and
ki = 1 —Re(c¢;). We depict in Fig. 6 the gg — ZZ Feynman diagrams that account for these

new physics effects.
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Eq. (2.6) display deviations on the coefficients x; and x, from the SM point (kq, £g) = (1,0).

Whereas Eq. (2.5) represents only a sub-set of high dimensional operators affecting the
Higgs interactions [61, 62], we focus on it to highlight the effectiveness for the off-shell Higgs
measurements to resolve a notorious degeneracy involving these terms. The gluon fusion
Higgs production at low energy regime can be well approximated by the Higgs Low Energy
Theorem [63, 64], where the total Higgs production cross-section scales as ogr o |kt + Kg|?.
Therefore, low energy measurements, such as on-shell and non-boosted Higgs production [65,
66, 67, 68, 69, 40, 70, 42, 71], are unable to resolve the |r;, + k4| = constant degeneracy. While
the combination between the t¢H and gluon fusion Higgs production have the potential to
break this blind direction [72], we will illustrate that the Higgs production at the off-shell
regime can also result into relevant contributions to resolve this degeneracy.

Since the Higgs boson decays mostly to longitudinal gauge bosons at the high energy
regime, it is enlightening to inspect the signal amplitude for the longitudinal components.
The amplitudes associated to each contribution presented in Fig. 6 can be approximated at
Mmyzz > my, mpy, myz by [73, 40, 42]

2 2

MO0 my loo2 Mzz
t ~ +2 2 2
2

MO0 _Mzz

97 omZ’

Z

4400 m? 2 mQZZ

Mc ~ = 2 lOg 2 (27)
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Figure 7: 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 2.1.

Two comments are in order. First, both the s-channel top loop M; and the continuum
M, amplitudes display logarithmic dependences on myzz/m; at the far off-shell regime. In
the SM scenario the ultraviolet logarithm between these two amplitudes cancel, ensuring a
proper high energy behavior when calculating the full amplitude. Second, it is worth noting
the difference in sign between the s-channel contributions M; and M,. This results into
a destructive interference between M; and M., contrasting to a constructive interference
between M, and M.. In the following, we will explore these phenomenological effects
pinning down the new physics sensitivity with a higher precision.

Exploiting the larger rate for ZZ — (lvv than that for ZZ — 4¢ [40, 41, 42], we
explore the off-shell Higgs physics at the HL-LHC. To simulate the full loop-induced effects,
we implemented Eq. (2.6) into FeynRules/NLOCT [74, 75] through a new fermion state,
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Figure 8: 95% CL bound on the coupling modifiers s, and x, 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.

and adjusting its parameters to match the low-energy Higgs interaction HG,,,G" [63, 64].
Feynman rules are exported to a Universal FeynRules Output (UFO) [76] and the Monte
Carlo event generation is performed with MadGraph5aMC@QNLO [47].

In Fig. 7, we present the Drell-Yan (DY) and the gluon-fusion (GF) m#Z distributions
for different signal hypotheses. In the bottom panel, we display the ratio between the GF
beyond the SM (BSM) scenarios with respect to the GF SM. In agreement with Eq. (2.7),
we observe a suppression for the full process when accounting for the s-channel top loop
contributions and an enhancement when including the new physics terms associated to M,
at high energies.

We follow the benchmark analysis defined in Sec. 2.1. After the BDT study, the resulting
events are used in a binned log-likelihood analysis with the m#%Z distribution. This approach
explores the characteristic high energy behavior for the new physics terms highlighted in
Eq. (2.7) and illustrated in Fig. 7. We present in Fig. 8 the resulting 95% CL sensitivity to

the (ky, k,) new physics parameters at the high-luminosity LHC. In particular, we observe
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that the LHC can bound the top Yukawa within x; ~ [0.4,1.1] at 95% CL, using this single
off-shell channel. The observed asymmetry in the limit, in respect to the SM point, arises
from the large and negative interference term between the s-channel and the continuum
amplitudes. The upper bound on k; is complementary to the direct Yukawa measurement
via ttH [77] and can be further improved through a combination with the additional relevant
off-shell Higgs final states. The results derived in this section are competitive to the CMS
HL-LHC prediction that considers the boosted Higgs production combining the H — 4¢ and
H — ~v channels [2]. The CMS projection results into an upper bound on the top Yukawa
of ky £ 1.2 at 95% CL.

2.3 Higgs-Top Form Factor

The fact that the observed Higgs boson mass is much lighter than the Planck scale implies
that there is an unnatural cancellation between the bare mass and the quantum corrections.
Since the mass of the Higgs particle is not protected from quantum corrections, it is well-
motivated to consider that it may not be fundamental, but composite in nature [78, 79, 80,
81]. In such a scenario, the Higgs boson is proposed as a bound state of a strongly interacting
sector with a composite scale A. In addition, the top quark, which is the heaviest particle
in the SM, can also be composite. In this case, the top Yukawa coupling will be modified
by a momentum-dependent form factor at a scale ¢? close to or above the new physics scale
A% Tt is challenging to find a general construction for such form factor without knowing
the underlying dynamics. Here, we will adopt a phenomenological ansatz motivated by the

nucleon form factor [82]. It is defined as

1

F(QZ/A2> = W;

(2.8)

where ¢? is the virtuality of the Higgs boson. For n = 2, it is a dipole-form factor and
corresponds to an exponential spacial distribution. Building upon Ref. [45], we study the
impact of this form factor on g9 — H* — ZZ process now with the complementary final

state (T vw.
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Figure 9: 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 Fig. 9, we illustrate the m%? distribution for the full gluon fusion gg(— H*) — ZZ
process. We show the Standard Model (black) and the form factor scenario (red). We assume
n=2or 3 and A = 1.5 TeV for the depicted form factor scenarios. The differences between
Standard Model and form factor cases become larger when the energy scales are comparable
or above A due to the suppression of destructive interference between Higgs signal and
continuum background. Thus, we perform the same BDT procedure introduced in Sec. 2.1
followed by a binned log-likelihood ratio test in the m#%# distribution to fully explore this
effect. In Fig. 10, we display the sensitivity reach for the LHC in the Higgs-top form factor.
We observe that the LHC can bound these new physics effects up to A = 1.5 TeV for n = 2
and A = 2.1 TeV for n = 3 at 95% CL. The large event rate for the H* — ZZ — (fvv signal
results in a more precise probe to the ultraviolet regime than for 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 95% CL [45].
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Figure 10: 95% CL sensitivity on the new physics scale A as a function of the LHC luminosity.
We assume the form factor in Eq. (2.8) with n = 2 (dashed line) and n = 3 (solid line) at
the 14 TeV LHC.

Table 3: 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 [1]. We assume that the Wilson
coefficient for the EFT framework is given by ¢; = v?/A% ;. Besides the H — 4/ channel,

Ref. [2] also accounts for the H — ~~ final state with a boosted Higgs analysis.

FH/F%M AEFT ATCL'jrznpos’ite
H* - 77 — llvy 1.31 0.8 TeV 1.5 TeV

H*— ZZ — 40 | 1.3 (68% CL) [1] | 0.55 TeV [2] | 0.8 TeV [45]
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3.0 Directly Probing the Higgs-top Coupling at High Scales

The top-quark Yukawa coupling () is the strongest interaction of the Higgs boson in the
Standard Model (SM) with 3, ~ 1. Owing to its magnitude, it plays a central role in Higgs
phenomenology in the SM and could be most sensitive to physics beyond the Standard Model
(BSM) associated with the electroweak symmetry breaking [83]. It is crucial for the stability
of the SM vacuum during the electroweak phase transition in the early universe [84, 85]. It
yields the largest quantum correction to the Higgs boson mass and can trigger the electroweak
symmetry breaking in many well-motivated new physics scenarios [86, 79, 87, 78, 88, 80].
Thus, the precise measurement of g, can be fundamental to pin down possible new physics
effects.

The top-quark Yukawa coupling has been determined indirectly at the LHC from the
Higgs discovery channel gg — h via the top-quark loop [89]. It can also be directly measured
via top pair production in association with a Higgs boson, tth. The observation of this
channel was reported in 2018 by both ATLAS and CMS collaborations, with respective
significances of 6.3 and 5.2 standard deviations [90, 91]. These measurements confirm the
SM expectation that the Higgs boson interacts with the top-quark with an order one Yukawa
coupling. The high-luminosity LHC (HL-LHC) projections indicate that the top Yukawa will
be probed to a remarkable precision at the end of the LHC run, reaching an accuracy of
oy S O(4)% [77].

The current measurements are performed near the electroweak scale () ~ v. If the
new physics scale A is significantly larger than the energy probed at the LHC, the BSM
effects generally scale as (Q/A)™ with n > 0 [60, 61, 62], before reaching a new resonance.
Therefore, it is desirable to enhance the new physics effects by exploring the high energy
regime associated with the Higgs physics. Proposals have been made recently to study the
off-shell Higgs signals gg — h* — V'V [40, 41, 42, 43, 44, 45, 92]. This process could be
sensitive to potential new physics of the tth* and V'V h* interactions or a h* propagation at
high energy scales @ > v.

In the present study, we directly explore the Higgs-top coupling at high energy scales
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using the tth production channel. For an on-shell Higgs production with high transverse
momentum, this process effectively probes the top-quark Yukawa interaction at a high scale
in both the space-like and time-like regimes. In contrast, the off-shell Higgs physics probes the
complementary physics only in the time-like domain [44, 45, 92]. As a concrete formulation,
we study the BSM effects to the Higgs-top Yukawa in the Effective Field Theory (EFT)
framework, focusing on two relevant higher dimensional contributions. Then, we move on to
a BSM hypothesis that features a non-local momentum-dependent form factor of the Higgs-
top interaction [45, 92|. This form factor generally captures the top Yukawa composite
substructure. To combine the large event yield with a high energy physics probe, we focus
on the channel with the largest Higgs decay branching fraction, BR(h — bb) ~ 58%, in
association with jet substructure techniques at the boosted Higgs regime.

The rest of the chapter is organized as follows. In Section 3.1, we present the theoretical
parameterization associated with the potential new physics for the Higgs-top couplings in
the EFT framework and an interaction form factor. We then derive the new physics sensi-
tivity to those interactions in Section 3.2, featuring the effects that benefit with the energy

enhancement at the boosted Higgs regime.

3.1 New Physics parametrization

In this section, we describe two qualitatively different new physics parametrizations for
beyond-the-Standard Model effects to the Higgs-top coupling at high energy scales. The first
one considered is in the effective field theory framework by adding in a few relvant dimension-
6 operators that are results from integrating out some heavy degrees of freedom mediating
the Higgs and top interactions. The second formulation is a non-local Higgs-top form factor,
motivated from a strongly interacting composite theory for the Higgs and top quarks. These
two forms of new physics parameterizations are quite representative in capturing the general

features of the BSM couplings for the Higgs and the top quark.
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3.1.1 Effective Field Theory

The Standard Model Effective Field Theory (SMEFT) provides a consistent bottom-up
framework to search for new physics [61, 62, 93, 94, 95, 43, 96]. In this scenario, the beyond
the SM particles are too heavy to be produced on-shell. The new states can be integrated
out and parametrized in terms of higher dimension operators as contact interactions [60]. In
general, the EFT Lagrangian can be written as

i 1
Lorr = Lo+ ) 1501+ 0 <P> , (3.1)

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 modify the existing SM interactions, as well as generate new Lorentz structures,
both of which can give rise to phenomenologically relevant energy enhancements in the

scattering amplitudes.

Figure 11: Representative Feynman diagrams contributing to ¢th production. The black

dots represent the BSM vertices arising from the EFT operators.
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We follow the SMEFT framework to study the new physics effects to the Higgs-top
coupling at high scales. We adopt the Warsaw basis of operators [62] and focus on two-
fermion operators, leading to contributions to tth production at the LHC which are relatively

unconstrained

O = (H'H)(Qt)H +h.c., (3.2)
Oic = g5(Qo" Tat)HG), + h.c.. (3.3)

The first new physics operator, O, rescales the SM top Yukawa coupling. The second one,
Oy, corresponds to the chromomagnetic dipole moment of the top-quark. Besides modifying
the gtt vertex in the SM, O;q also gives rise to new interaction vertices, namely ggtt, gtth
and ggtth. While O, results in phenomenological effects to the associated tt processes, it
amounts to possibly significant new physics sensitivity in the ¢th channel [97]. Hence, we
incorporate it in our analysis exploring its high energy behavior. In Fig. 11, we present a
representative set of Feynman diagrams for t¢h production arising from the EFT interactions.
The experimental LHC analyses constrain these Wilson coefficients at 95% Confidence Level

(CL) to the ranges [98, 99]
g/ N = [—2.3,3.1]/TeV?, c¢;c/A* = [—0.24,0.07)/TeV>.
Guided by these results, we choose illustrative values of the coefficients as
lcia/A?] = 0.1 TeV2 and |ey/A?| =1 TeV ™2, (3.4)

for our following representative kinematic distributions. For recent phenomenological SMEFT

global fit studies, see Refs. [93, 94].
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Figure 12: 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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3.1.2 Higgs-Top coupling form-factor

The top-quark Yukawa coupling has a special role in the naturalness problem, displaying
the dominant quantum corrections to the Higgs mass. Thus, it is crucially important to probe
the Higgs-top interaction at high scales into the ultra-violet regime. It is well-motivated
to consider that the top-quark and Higgs boson may not be fundamental, but composite
particles arising from strongly interacting new dynamics at a scale A [78, 80, 81, 100]. In
such scenarios, the top Yukawa 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 underlying strong dynamics
of the specific composite scenario. Inspired by the nucleon form-factor [82], we adopt the

following phenomenological ansatz

1

M@/ = T gerEy

(3.5)

where () is the energy scale associated with the physical process. This educated guess results
in a dipole form-factor for the n = 2 scenario with an exponential spatial distribution in a
space-like probe. Higher values of n correspond to higher multi-poles, typically leading to a

stronger suppression.

3.2 Analysis

To probe these new physics contributions, we explore the pp — tth channel at high energy
scales. We combine the large signal event rate with controlled backgrounds, studying the
boosted h — bb final state in association with leptonic top-quark pair decays. The signal
is defined in the four b-tag sample and displays two opposite sign leptons. The leading
backgrounds, in order of relevance, are ttbb and t£Z.

We perform the signal and background event generation with MadGraph5_aMCONLO [47].
The tth and ttZ samples are generated at NLO QCD and the tfbb sample at LO. The
dimension-six EFT contributions are added through the FeynRules model SMEFTONLO [101].
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This implementation grants one-loop QCD computations, accounting for the EFT contri-
butions. In particular, it incorporates relevant extra radiation effects at the matrix ele-
ment level [102]. Shower, hadronization, and underlying event effects are simulated with
Pythia8 [53] using the Monash tune [103]. We use MadSpin to properly describe the top-
quark decays, accounting for spin correlation effects [51]. We adopt the parton distribution
functions from MMHT2014 NLO with ag(myz) = 0.118 [104] in the five flavor scheme. Ad-
ditional relevant parameters are m; = 172 GeV, m;, = 125 GeV, mz = 91.1876 GeV,
mw = 79.82 GeV, and G = 1.16637 x 10> GeV 2. We set our scales to a constant value
of pp = pur = my +my/2 to align better with previous studies [97]. We assume the LHC at
Vs =14 TeV.

Robust new physics studies at the LHC usually come hand in hand with precise theoret-
ical calculations. The impact of the higher order QQCD corrections, which can be convention-
ally estimated by a K-factor (i.e. the ratio between the NLO and LO predictions), usually
result in significant contributions. To illustrate the higher order and new physics effects
at high energies, we present in Fig. 12 the NLO fixed order parton level distribution for
several relevant kinematic observables associated with the tth signal sample: the transverse
momentum distribution for the Higgs boson pr,, (upper left), for the hardest top-quark pry
(upper right), the invariant mass distribution for the top pair my (lower left), and for the
Higgs and top-quark my, (lower right). We observe that the higher order QCD corrections
are correlated with the kinematic observables, resulting in about 20% — 30% variation (as
seen in the panels of NLO/LO) and cannot be captured by a global NLO K-factor. It is
thus crucial to include the higher order predictions in the full differential analysis.

New physics contributions may sensitively depend on the kinematics as well, as demon-
strated in the panels of BSM/SM in Fig. 12. High transverse momenta of an on-shell top
quark or Higgs boson could probe the space-like regime for the top-Higgs interactions, while
the high invariant mass of the tH system could be sensitive to the time-like regime from
heavy states in s-channels. First, we observe sizable energy enhancement arising from the
O, operator, in particular, for the transverse Higgs momentum distribution (as seen in the
panels of BSM/SM), starting with a 10% increase at the non-boosted regime prj, < 100 GeV,

adding up to 65% for pr;, = 1 TeV. In contrast, due to the generic dipole suppression, the
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form-factor scenario displays a depletion in cross-section at higher energies. The rate is
reduced by 5% at pr, = 200 GeV, reaching 55% suppression at pr, = 1 TeV. For the form-
factor scenario, we adopt a representative scale () = prp. New physics effects associated
with the operator O,y 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, resulting in
a flat rescale with respect to the SM cross-section, independent of the process energy scale.
Despite the absence of a manifest energy enhancement, this new physics contribution can
also benefit from our high energy scale analysis due to more controlled backgrounds at the
boosted Higgs regime, as we will show in the following.

The boosted Higgs analysis, in combination with jet substructure techniques effectively
suppress the initially overwhelming backgrounds for the tth signal with the dileptonic top
decays and h — bb, as first shown in Ref. [105]. Here we follow a similar strategy. We
start our analysis requiring two isolated and opposite sign leptons with pyy, > 10 GeV
and |n,] < 3. For the hadronic component of the event, we first reconstruct jets with the
Cambridge-Aachen algorithm with R = 1.2 [106], requiring at least one boosted fat-jet with
pry > 200 GeV and |n;| < 3. We demand that one of the fat-jets be Higgs tagged with
the Butterworth-Davison-Rubin-Salam (BDRS) algorithm [107, 108]. Higgs tagging of the
fat-jet via the BDRS algorithm involves identifying three subjets within the fat-jet. This is
done by shrinking the jet radius until the fat-jet splits into three filtered jets. The radius
of separation among the filtered jets is defined as Rgx = min(0.3, Ry,/2). Among the three
filtered jets, the two hardest are required to be b-tagged, while the third filtered jet tracks
the dominant O(«y) radiation from the Higgs decay.

As we only have one hadronic heavy particle decay, namely the Higgs boson, we proceed
with the event reconstruction using a smaller jet size to further reduce the underlying event
contamination. Thus, we remove all the hadronic activity associated with the Higgs fat-jet
and re-cluster the remaining particles with the jet radius R = 0.4, using the anti-k; jet
algorithm. We demand two b-tagged jets with py, > 30 GeV and |n,| < 3. As our final
state displays in total four b-tagged jets, we exploit the improvements in the central tracking
system, that will be in operation for the HL-LHC run, to enhance the event rate for our signal.

Based on the ATLAS report [109], we assume 85% b-tagging efficiency and 1% mistag rate
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for light-jets. To further suppress the backgrounds, the filtered mass for the Higgs candidate
is imposed to be around the Higgs boson mass [mEPRS — 125 GeV| < 10 GeV. We show in

Table 4 more details on the cut-flow analysis.

Table 4: 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, |ng < 3, ng =2 | 3.32 | 6.35 | 1.02
prj > 30 GeV, |n;| < 3, n; > 2, ny=2 0.72 | 1.97 | 0.22
|mBPRS — 125 < 10 GeV 0.15] 0.14 | 0.009

3.2.1 Scale for the EFT operators

In Fig. 13, we go beyond the partonic level calculation and display the hadron level
transverse momentum distribution (pry) for the Higgs boson candidate from the pp — tth
channel in the SM and the EFT contributions, in addition to the leading backgrounds t£bb
and ttZ. We observe that the boosted Higgs search dovetails nicely with our BSM physics
study as presented in Fig. 12. At the higher energy scales, both the backgrounds get further
depleted and the new physics effects become more prominent. In particular, we observe a
large enhancement from the O;s contributions at the high energy scales.

To explore the sensitivity reach for these effects in the boosted regime, we perform a
binned log-likelihood analysis on the ppy, distribution. In Fig. 14, we present the 68% and
95% CL limits on the Wilson coefficients (ciq/A?, cip/A?). We assume the HL-LHC at 14 TeV
with 3 ab™! of data. To infer the uncertainty on the EFT expansion, we present the results
accounting for terms up to linear and quadratic order on the Wilson coefficient ¢;/A?. We
observe only small differences between these two scenarios, which is a good indication of the
robustness of our results.

CMS has recently reported an EFT interpretation using associated top quark production
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Figure 13: 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.

data with an integrated luminosity of £ = 41.5 fb~! [110]. The signal samples include, in
particular, the tth and thq processes, being direct sensitive to the top-quark Yukawa coupling.
The resulting constraint at the 95% CL for the chromomagnetic operator leads to two regions
cia/A? = [—1.26, —0.69] TeV ™2 and [0.08,0.79] TeV~>. The same holds for the Oy, operator
where ¢ = [—14.12, —1.46] TeV~? and [32.30,44.48] TeV~2. While CMS does not focus on
the very high energy scales and uses the leptonic Higgs decays, we explore the largest Higgs
branching ratio, h — bb, in the boosted Higgs regime, and thus obtaining significantly higher
sensitivities at the HL-LHC.

3.2.2 Probing the form-factor

In Fig. 15, we present the transverse momentum distribution (pry) for the Higgs boson

candidate from the pp — tth channel in the SM and the form-factor contribution. We
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Figure 14: 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.

consider two hypotheses n = 2 and n = 3 with the new physics scale A = 2 TeV. While it
is challenging to probe the BSM effects at relatively small scales, these contributions can be
effectively enhanced at the boosted regime. For instance, starting at py, ~ 200 GeV with
n =2 (n = 3), we observe a 5% (9%) effect. Moving to pr, ~ 400 GeV, the new physics
results in larger depletion of 18% (25%) with respect to the SM hypothesis.

Our relatively large event rate with the boosted h — bb analysis, grants probes at large
energy scales with relevant statistics. Hence, we explore the full profile of the pyy, distribution
through a binned log-likelihood analysis. The new physics sensitivity is presented in Fig. 16.
The HL-LHC, with 3 ab™! of data, will be able to probe 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% CL. These results are
complementary to the off-shell Higgs analyses, gg — h* — ZZ. For the latter, 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 [45, 92].
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Figure 15: Transverse momentum distribution of the Higgs boson pr; for the tth sample
in the SM (black) and new physics scenarios with n = 2 (red) and n = 3 (blue), assuming
A =2 TeV. We assume the LHC at 14 TeV.
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Figure 16: 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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Finally, we give a summary table which compares the reach of new physics scale between
this work and others in Table.5. We can see from the table that the direct probe of tth is

very competitive and could result in a better BSM sensitivity compared to other channels.

Table 5: Summary results from the ¢th 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™'.

el ¢i/N? [TeV™? | A//¢ [TeV]
95% CL bounds | BSM scale
tth (this work) [—1.04, 1.00] 1.0
h* — 27 — Uy [92] (2.8, 1.5] 0.6
o h* = Z7 — 40 [45] (-3.3, 3.3 0.55
Higgs comb. ATLAS [9§] [—2.3, 3.1] 0.57
tth (this work) [—0.11 , 0.12] 2.9
o 1 CMS [99] [~0.24 , 0.07] 2.1
tth (this work) - 2.1
form-factor n =2 | h* = ZZ — llvv [92] - 1.5
h* — 27 — 40 [45] . 0.8
tth (this work) - 2.7
form-factor n =3 | h* = ZZ — llvv [92] - 2.1
h* — Z7Z — 40 [45] - 1.1
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4.0 Leptonic Scalars and Collider Signatures in a UV-complete Model

Explanation of tiny but non-zero masses of neutrinos, as confirmed in various experiments
over the past two decades [3], requires new physics beyond the Standard Model (SM). In
addition to the origin of their masses and mixing, neutrinos pose many more unanswered
questions. For example, we still do not know whether the neutrino masses are of Dirac-
type or Majorana-type; see Ref. [111] for a recent review. We would also like to understand
whether the neutrino sector contains new interactions beyond those allowed by the SM gauge
structure, i.e. the so-called non-standard interactions (NSIs); see Ref. [112] for a recent status
report. Furthermore, the origin of dark matter (DM) is an outstanding puzzle and it is
conceivable that these two puzzles could be somehow correlated at a fundamental level [113,
114, 115]. We also wonder whether the leptonic sector breaks CP-symmetry and whether it
is responsible for the observed matter-antimatter asymmetry in the Universe [116]. In order
to address these outstanding puzzles, construction of neutrino models and investigation of
their predictions at various experiments are highly motivated.

If neutrinos are Majorana particles, lepton number L, which is an accidental global
symmetry of the SM Lagrangian, must be broken either at tree-level or loop-level. On
the other hand, if neutrinos are Dirac particles, lepton number (or some non-anomalous
symmetry that contains L, such as B — L) remains a good symmetry of the Lagrangian.
We will focus on this latter case, assuming that B — L is conserved even in presence of
higher-dimensional operators. Thus, any new, additional degrees of freedom must be charged
appropriately under global B — L [117]. In a recent paper [118], motivated by certain
observational considerations at the LHC and beyond, we considered the possibility that
Dirac neutrinos could exhibit NSIs with a new (light) scalar field ¢ which has a B — L charge
of +2 but is a singlet under the SM gauge group. These were dubbed as “leptonic scalars”,
which can only couple to right-handed neutrinos (vg) (or left-handed anti-neutrinos) like
vECugreé at the renormalizable level. Then the question arises as to how these leptonic

scalars couple to the SM fields. At the dimension-6 level, we can write an effective coupling
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of the form
1
(L)L), (4.1)

where L and H are the SM lepton and Higgs doublets, respectively, and A is the new
physics scale. After electroweak (EW) symmetry breaking, the operator (4.1) yields flavor-
dependent NSIs of neutrinos with the leptonic scalar of the form \,z¢pv,v5. Furthermore,
at energy scales below the mass of ¢, this leads to an effective non-standard neutrino self-
interaction, which could bring down the measurement of Hubble parameter from Cosmic
Wave Background (CMB) by modifying the effective number of neutrinos, thus relax the
tension of Hubble parameter between CMB measurement and low-redshift measurement [119,
120, 121, 122, 123, 124].

Our goal in this paper is to find an ultraviolet (UV)-completion of the operator (4.1)
and to test the model at the ongoing LHC and future 100 TeV colliders, such as the
Future Circular Collider (FCC-hh) at CERN [125] and the Super Proton-Proton Collider
(SPPC) in China [126]. To be concrete, we adopt a Type-II seesaw motivated neutrino mass
model [127, 128, 129, 130, 131, 132], which can also account for the baryon asymmetry in
the Universe [133]. In our model the neutral component of the triplet scalar field A does
not acquire a vacuum expectation value (VEV), which keeps the custodial symmetry intact.
The lepton number is not broken and the neutrinos are Dirac-type in this model. We also
add a SM-singlet complex scalar field ®, which gives rise to the leptonic scalar ¢ in the
model. Beyond the NSIs between the active neutrinos and the leptonic scalar, the particle
spectrum and new interactions in this model lead to rich phenomenology and consequently
new observable signatures. In some other UV-complete models, the effective interactions of
¢ with the SM neutrinos stemming from Eq. (4.1) might also be relevant to DM phenomenol-
ogy [134, 135, 121, 136, 123].

In this paper we will show that the distinguishing features of the signatures of our
UV-complete model compared to the standard Type-II seesaw model is due to the new
sources of missing energy carried away by ¢, which would help the model to be detected at
the ongoing LHC and future higher-energy colliders. After taking into account the current

limits from the low-energy lepton flavor violating (LFV) constraints (cf. Table 7 and Fig. 18)
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and the theoretical limits from perturbativity and unitarity (see Fig. 19), we consider three
scenarios with respectively small, large and intermediate Yukawa couplings of the leptonic
scalar ¢. In all these scenarios, ¢ can be produced either from the doubly-charged scalar
H** — W*W=¢ or from the singly-charged scalar H* — W=*¢ — channels which are unique
and absent in the standard Type-II seesaw. As the leptonic scalar ¢ decays exclusively into
neutrinos, these new channels will lead to same-sign dilepton plus missing transverse energy
plus jets signal at the hadron colliders. Detailed cut-based analysis is carried out for both
scenarios, and the technique of Boosted Decision Tree (BDT) [137] is also utilized to improve
the observational significance (see Tables 9 and 11). We find that the mass of doubly-charged
scalars in the small and large Yukawa coupling scenarios can be probed up to respectively
800 GeV and 1.1 TeV at the 20 significance, corresponding to a 95% confidence level, in the
new channels at the high-luminosity LHC (HL-LHC) with integrated luminosity of 3 ab™?,
and can be improved up to 3.8 TeV and 4 TeV respectively at future 100 TeV colliders with
luminosity of 30 ab~!. This can be further improved in the intermediate Yukawa coupling
case, with the help of increasing leptonic decay channel of the doubly-charged scalar. We
also show that since in the large Yukawa coupling case, the missing energy is completely
from the leptonic scalar in the associate production channel pp — HT*HT, its mass can be
determined with an accuracy of about 10% at the HL-LHC.

The rest of the chapter is organized as follows. In Section 4.1, we present the model
details and lay out relevant experimental and theoretical constraints, including the key pa-
rameters and resultant main decay channels of H** and H* in Section 4.1.1, the current
LFV constraints on H** in Section 4.1.2, and the high-energy limits from perturbativity
and unitarity in Section 4.1.3. In Section 4.2, we discuss our search strategy at the LHC and
future 100 TeV hadron colliders, presenting the small Yukawa coupling case in Section 4.2.1,
large Yukawa coupling scenario in Section 4.2.2; and the intermediate Yukawa coupling case
in Section 4.2.3. We show the discovery potential by utilizing the cut-based analysis and
the BDT techniques, and obtain the prospect for determining the mass of ¢ in the large
Yukawa coupling case even though the scalar ¢ escapes from the detectors as missing energy.
For the sake of completeness, the complete set of Feynman rules for the model are listed in

Appendix A. The functions G and F for some three-body decays are given in Appendix B.
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The renormalization group equations (RGEs) for the couplings are detailed in Appendix C.
The perturbativity limits are analytically derived in Appendix D, and the unitarity limits
are described in Appendix E.

4.1 The model

In this section, we present a global (B — L)-conserved UV-complete model of a leptonic
scalar, which is motivated by the well-known Type-II seesaw model [127, 128, 129, 130, 131,
132]. The enlarged particle content of the model includes a leptonic complex scalar ®, which
is a singlet under the SM gauge groups and carries a B — L charge of +2. The model contains

also an SU(2)y, triplet scalar A with hypercharge +1 and B — L charge +2:

1§+ i
A=|V2 1 (4.2)
0 +
) —755
and three SM-singlet B — L = —1 right-handed neutrino fields vg, (i = 1,2, 3).
The allowed Yukawa interactions in the model are given by
—Ly =Yy, asLaHVr, + YagLiCiosALg + Gy, apvf, Cvg,® + Hoc. (4.3)

where o, § = e, u, T are the lepton flavor indices, C' is the charge-conjugation operator, oo
is the second Pauli matrix, y, are the SM-like Yukawa couplings of the neutrinos, Y, 3 are the
new leptonic Yukawa couplings of the triplet that govern the heavy scalar phenomenology,
and g, are the Yukawa couplings of the leptonic scalar ® to the right-handed neutrinos. In
a (B — L)-conserved theory where A and ® do not acquire any VEV, neutrinos are Dirac
fermions and non-zero neutrino masses can be generated after the EW symmetry breaking
from the first term of the Yukawa Lagrangian given in Eq. (4.3), just like the other fermions
in the SM. However, one requires v, < 107! in order to satisfy the absolute neutrino mass
constraints [27, 138].

The kinetic and potential terms of the scalar sector are given by
‘CScalar = (DMH)T(DMH) + Tr[(DMA)T(DMA)] + (aMCD)T(aﬂCI)) - V(Ha A> @)7 (44)
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where the covariant derivatives are given by

9L txra .9y

DNH = 8MH — Z?WMO'QH — ZTBMH, (45)
gL a .

D,A =0,A — ZT[W"%’ A] —igy B A, (4.6)

with g, and gy respectively the gauge couplings for the SM gauge groups SU(2);, and U(1)y,
and o, (a = 1, 2, 3) the Pauli matrices. The most general renormalizable potential involving

the scalar fields of the model is given by

V(H,A®)= —m3 + E(HTH)Q + METr(ATA) + M2oTd
A (HTH)Tr(ATA) + M\ [Tr(ATA)? + A Tr[(ATA)?] + Ay (HTA)(ATH)
HX5(DT®)2 + N\g(OTD)(HTH) + A7 (OTD)Tr(ATA)
+As(i®H o ATH + H.c.), (4.7)

where all the mass parameters m?%;, Mz, M2 and the quartic couplings A and \; are assumed
to be real. The scalar A in our model carries the same SU(3)¢ x SU(2);, x U(1)y charges
(1,3,1) as in the Type-II seesaw model. However, the presence of a (B — L)-charged ®
and the B — L conservation in our model have important phenomenological consequences
associated with the triplet A, which is different from that in the Type-II seesaw scenario.
In the Type-II seesaw model, the EW symmetry breaking induces a non-vanishing VEV for
the triplet A via the cubic term H "iooATH. However, due to the B — L conservation such
a cubic term does not exist in our model, and as a result the triplet A does not develop a
VEV in our model. As we will see in Section 4.2, this leads to very interesting signatures
at the LHC and future 100 TeV colliders, which are key to distinguish our model from the
Type-II seesaw.

After the EW symmetry breaking, the Higgs doublet H develops a VEV v = (v/2G ) /2
with G being the Fermi constant, and the mass matrix of the CP-even neutral components

in the {h, 0%, ®"} basis (here X" refers to the real component of the field X) is

sh? 0 0
M(%P—even = 0 Mi + %()\1 + )\4)1)2 —%)\81]2 . (48)
0 —%)\81)2 Mc% + %)\GU2
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As the singlet and triplet scalars do not have VEVs, the component i from the SM doublet
H does not mix with other neutral scalars, as can be seen from Eq. (4.8). Then h can be
readily identified as the 125 GeV Higgs boson observed at the LHC [13, 14], and the quartic
coupling A can be identified as the SM quartic coupling. The two remaining physical CP-
even scalar eigenstates are from mixing of the components ®" and 6°" of the leptonic fields
® and A with B — L charge of 42, and thus are both physical leptonic scalars. Denoting H

as the lighter one and H, as the heavier one, they can be obtained by the following rotation

H, cosf —sinf o (4.9)
H, sinf cosé gor ]’ .
where the mixing angle 6 is given by
/\8U2
tan 20 = 4.10
an M2+U2()\1+/\4—/\6)/2—M§>’ ( )
and the two eigenvalue masses are
2 1 2 2 1 2
MH172 = 5 (MA + Mq,) + Zl()\l + )\4 + /\G)U
1
- 1\/ 2M2 — 2M2 + (M + At — Ae)v?]® + 420l (4.11)

Similarly, the two CP-odd leptonic scalars (A, Ay) from the imaginary components ®¢ 5%

have exactly the same masses as the CP-even scalars, i.e.
My, = My, , Mas, = Mpy,. (4.12)

For the sake of illustration, we choose to work in the regime where the leptonic scalars
(Ay, Hy) are in the mass range M /2 < My, 4, S O(100) GeV. The lower mass bound is
to avoid the invisible decay of the SM Higgs h — H{H;, A1A; — vvow, while the upper
bound is mainly motivated from our previous collider study [118], where the sensitivity in the
vector boson fusion (VBF) channel was found to drop exponentially beyond 100 GeV or so.
Since setting A\g = 0 gives us more freedom in the choices of other parameters while keeping
leptonic scalars (A, Hy) light and not damaging the main purpose of the study, we choose

this simplest scenario for our numerical simulation. There is also a pair of heavy leptonic

scalars Hy and A,, which can either decay into neutrinos or cascade decay into gauge bosons
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and lighter scalars. For simplicity, we just assume (Hj, As2) to be heavier than the EW scale
such that they are not relevant for our consideration here, and a detailed collider study of
their phenomenology is deferred to future work. Finally, it is trivial to get the masses of the

singly- and doubly-charged scalars, which are respectively given by

1

Mz = M3 + 1(% + Ag)v?, (4.13)
1

Mpew = M3 + §A1v2 : (4.14)

Depending on the sign of Ay, H* can be lighter or heavier than H**.

4.1.1 Key parameters and decay channels of H** and H*

The interactions of the new scalars with the SM fields are generated through the gauge
couplings in Egs. (4.5) and (4.6), the scalar couplings in Eq. (4.7) and the Yukawa interactions
in Eq. (4.3) including potential scalar mixing in Eq. (4.9). All the key interactions of the
neutral scalars H;, A;, the singly-charged scalar H* and the doubly-charged scalar H** for
the hadron collider analysis below are collected in Table 6. For the sake of completeness, we
have listed the complete set of Feynman rules in Tables 12 to 16 in Appendix A.

The gauge interactions of H* and H** with the SM photon, W and Z bosons in Table 6
are relevant for the pair production H**H~~ and the associated production H**HT of the
doubly-charged scalar at hadron colliders, as in the Type-1I seesaw case [139, 140, 141, 142,
143, 144, 145, 146, 147, 148, 149, 150, 151, 152, 153, 154, 155, 156, 157].

The remaining couplings in Table 6 are relevant to the decays of H* and H**. For
the singly-charged scalar H*, besides the leptonic final states, it can decay into a light
neutral scalar H; or A; and a W boson, which is absent in the Type-II seesaw model. The
corresponding partial decay widths are respectively

Y2,M
D(HE — (Fvg) = “58—7THi (4.15)
Gpsin2 M3 M2, M?
T(H* - W*H,) = T(H" - W*"4;) = TWH“‘LA?’/Q (MZW , Mfl) . (4.16)

H* H*

where the function

Mz,y) = 1+2°+9* — 20y — 20— 2y. (4.17)
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Table 6: Important couplings for the neutral scalars H;, A, the singly-charged scalar H* and
the doubly-charged scalar H¥*. Here e is the electric charge, sy = sin 8y and ¢y = cos Oy
the sine and cosine of the Weinberg angle 0y, p; 2 the momenta for the first and second
particles in the vertices, and P, = %(1 — 75) the left-handed projection operator. See

Appendix. A for the full set of Feynman rules.

Vertices Couplings
Hll/ayﬁ —1 \/§Ya5 sin@PL
Avavp \/§Ya5 sin 6 Pr,
H"H™~, ie(pr —p2),
+ - L SwW
HYH™Z, —ie—(p1 — p2),
cw
HY S vg V2i Y5 Py
_ . 9L .
HTH\W 11— (p1 — sin 0
Wy 2 (p1 pz)u
H+A1W; % (pl — pQ)N sin 0
H™ H ", 2ie(p1 — pa2)u
Gy — sty
H*™*H~Z, ie———(p1 — P2),
CwSw
H++€g€[; 21 Yag P
HY"H-W —igr (P1 — P2)u
HY W oW, Hy —iv/2g% sinf g,,,
H™W oW, Ay —V/2g% sinf g,,

As in the standard Type-II seesaw, the singly-charged scalar H* can decay into a heavy
scalar Hy or As and a W boson. However, the mass splitting between the triplet scalar
components is severely constrained by the EW precision data (EWPT), in terms of the
oblique S and T parameters [158, 159]: depending on the triplet scalar masses, it is required
that the mass splitting AM < 50 GeV [145, 160, 161, 154]. Therefore the W boson is

always off-shell, i.e. H¥ — W**H,, W**A, (the corresponding interaction can be found in
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Table 14), and the corresponding widths are given by

993 cos? OM M2 M2
T(H= = W5 Hy) = T'(H® - W A4,) = 9r €05 H* ( Hy W

25677 ME, Mgi) - (418)
where the function G(z,y) is explicitly given in Appendix B. Although this channel does
not suffer suppression from mixing angle, the off-shellness of the decaying gauge boson leads
to a high suppression from G(z,y) function making its contribution negligible compared to
other decay channels.

In our model, the doubly-charged scalar H** can decay into same-sign dilepton pairs
and the three-body final state W*W*H; and W*W*A;. The partial widths are given

respectively by

SaﬁYaQ Mpr+x
D(H* - (26 = f—ﬁ (4.19)
DU 5 WEWEH,) = T(HH S whw*a) = 2500 [ rpe g2 (120)
U= V= 5125 M M0, A%
H*t*

where S,5 = 1/2 (1) for a # (o = ) is a symmetry factor, and the dimensionless lengthy
function F is put in Appendix B, which is a function of m?, and m2;. The phase space is
integrated over the allowed ranges of m, and m3; according to Dalitz plot. There is also a
two-body bosonic channel, the partial width is

993F My Mz, M,

D(H™ —» W H*) = (4.21)

with the function G(z,y) defined in Appendix B. As for the singly-charged scalar in
Eq. (4.18), this channel is highly suppressed by the off-shell W boson, and will be neglected
in the following analysis. Since the masses and decay properties of H; and A; are the same
in our model, we henceforth collectively use ¢ to denote both the leptonic scalars H; and
Ay, ie. ¢ = Hy, Ay

In the standard Type-II seesaw, there is also the cascade decay channel for the doubly-

charged scalar [142, 145]:
H** = H*W** — H, W W=+, (4.22)

In a large region of parameter space, the dilepton channels H** — ¢*¢* and diboson channel

H** — W*W% are highly suppressed respectively by the small Yukawa couplings Y, 5 and
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the small VEV va of the triplet, and the doubly-charged scalar H** decays mostly via the
cascade channel above. When the mixing of H, with the SM Higgs is small, the neutral
scalar Hy decays mostly further into neutrinos via the Yukawa coupling Y,s. If the cascade
channel dominates, the current direct LHC constraints on My=++ in the (£¢* [11, 162] and
WEW= [163, 10] channels will be largely weakened. Then a relatively light H** implies
that the neutral scalar Hy may also be light. This makes the decay channel of (4.22) in the
standard Type-II seesaw to some extent similar to our case in Eq. (4.20), both leading to
the signal of same-sign dilepton plus missing transverse energy (assuming W boson decaying
leptonically). However, as a result of the severe EWPT constraint on the mass splitting AM
of the triplet scalars [145, 160, 161, 154], the two W bosons are both off-shell in the cascade
decay in Eq. (4.22), which is very different from the on-shell W bosons in Eq (4.20) in our
case.

Similarly, in the standard Type-II seesaw model the singly-charged scalar H* can decay
into (*v and hWW=, ZW=, tb, which are respectively proportional to the couplings Y3 and
va [142]. When both Y, 5 and va are relatively small, the decay of H* will be dominated by

H* — H,W**, (4.23)

where the W boson is again off-shell as a result of the EWPT limit on the triplet scalar mass
splitting. As in the doubly-charged scalar case, the decay H* — H,W** with a light H» in
the Type-II seesaw is very similar to the channel H* — W*¢ in our model, except for the
off-shell W boson.

Therefore, the new decay channels H** — W*W=*¢ and H* — W*¢ make our model
very different from the standard Type-II seesaw in the following aspects, which can be used

to distinguish the two models at the high-energy colliders:

o The W*W=¢ final state from the H** decay is absent in the standard Type-II seesaw
model, where the W bosons in the decays in Egs. (4.20) and (4.23) are off-shell.

e Another distinguishing feature of this model is that the decays H** — W*W*¢ and
H* — W*¢ does not necessarily correspond to the compressed mass gaps among differ-

ent particle states of the triplet A, whereas in the standard Type-II seesaw model the
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decays in Eqs. (4.20) and (4.23) are very sensitive to the mass splitting AM of the triplet

scalars.
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Figure 17: Branching fractions of H** decay (upper panels) and H* decay (lower panels)
as a function of their masses. The left and right panels are for the large and small Yukawa

coupling scenarios, respectively. Here ¢ denotes a leptonic scalar H;/A;.

Depending on the value of the Yukawa couplings Y,z, there are two distinct scenarios for

the decays of H** and H*:

e Large Yukawa coupling scenario with Y,5 ~ O(1). In this case the leptonic channels
H** — (*(* and H* — (*v dominate, which are from the Yukawa interactions Y.

e Small Yukawa coupling scenario with Y,5 < O(1072). In this case the bosonic channels
H*¥* — W*W*¢ and H* — W*¢ dominate, which originate from the gauge couplings
in Egs. (4.5) and (4.6).

For simplicity, we will not consider the intermediate scenarios, where the branching fractions

(BRs) of bosonic and fermionic decay channels above are comparable. The W-dominated
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final states for small Yukawa couplings Y,s depend on the scalar mixing angle sin 6, which in
turn depends on Ag as shown in Eq. (4.10), where we find that Ag needs to be O(1) in order
to have a sizable sin . The decay branching fractions of H** and H* are shown respectively
in the upper and lower panels of Fig. 17 as a function of their masses. The left and right
panels are respectively for the large and small Yukawa coupling scenarios. As shown in the
bottom left panel, if the Yukawa couplings are of order one, the dominant decay channels of
H* will be /*v, but the bosonic channel W#¢ is still feasible in the high mass regime with
a branching fraction around 10%. For small Yukawa couplings of order O(1072), the singly-
charged scalar H* decays predominantly into W*¢, as demonstrated in the bottom right
panel. On the other hand, as shown in the top left panel, the doubly-charged scalar H**
will decay mostly to /*¢* if the Yukawa couplings are large, while the W*W*¢ channel is
dominant for small Yukawa couplings although a crossover happens for low Mpy++, as shown

in the top right panel.

4.1.2 LFYV constraints

There exist numerous constraints on the charged Higgs sector from the low-energy flavor
data, such as those from the LFV decays ¢, — (gl (s, {o — L5 [3, 4], anomalous electron [5]
and muon [6, 7] magnetic moments, muonium oscillation [8], and the LEP ete™ — (¢~
data [9]. Following Ref. [151], the updated LFV limits on the Yukawa couplings Y,z are
collected in Table 7, and the most stringent ones are shown in Fig. 18, as a function of the
doubly-charged scalar mass Myg++. We see that the products involving two flavor transi-
tions are highly constrained, while the bounds on an individual coupling are much weaker,
especially for the tau flavor.

It should be noted that the contributions of H** to the electron and muon g — 2 are
always negative [164]. Therefore, the recent measurement of muon g — 2 at Fermilab [7]
cannot be interpreted as the effect of H** in our model. On the other hand, we can use the

reported measurement of Ref. [7]

Aa, = a®® — a5M = (251 £ 59) x 107, (4.24)

2 z
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which is 4.20 larger than the SM prediction [165], to set limits on the H** parameter
space. We will use a conservative 5o bound, i.e. require that the magnitude of the new
contribution to (g — 2), from H** must not exceed 0.8 x 59 x 107!, The corresponding
limit on the Yukawa coupling Y,z is shown by the purple shaded region in Fig. 18 and
also in Table 7. Note that if a light scalar has an LFV coupling h,, to muon and tau, it
could be a viable candidate to explain the muon g — 2 anomaly, while satisfying all current
constraints [166, 167, 168, 169, 170, 171, 172]. Such neutral scalar interpretations of muon
g — 2 anomaly can be definitively tested at a future muon collider [173, 174, 175, 176, 177].

Table 7: Upper limits on the Yukawa couplings [Yas|? (or [V Y, |) from the current experi-
mental limits on the LE'V branching fractions of £, — ¢3l,ls5, Lo, — {57 [3, 4], anomalous elec-
tron [5] and muon [6, 7] magnetic moments, muonium oscillation [8], and LEP ete™ — ¢t¢~

data [9]. See also Fig. 18.

Process Experimental bound  Constraint x (%)
- — e ete < 1.0 x 10712 Y Ye,| <23 %1077
T~ e ete <1.4x1078 Y Yo | < 6.5 x 1077
T ety <1.6x 1078 Y, Y,r| < 4.9 x 1077
T petus <9.8x107° Y Y,,| < 5.5 x 1077
T = puete <1.1x10°8 ’Y'etj,}/eT’ <41x107°
T e pute <84x107° Y Y, <5.1x107°
T =t <12x10°8 Y1V, < 6.1 %1077

[ = ey <4.2x10713 |3, VY, <27 %1070
™ ey <33x10°8 |3, VY, <18 x 1073
™ oy <4.4%1078 |3, VY| <21 %1073
electron g — 2 <52x 1071 25 [YVos)? < 1.2
muon g — 2 <4.7x 10710 >5[ Yusl? < 0.025
oeTatior <82x 1071 Y Y,,| < 0.0012
ete” —ete” Aer > 5.2 TeV [Yee|? < 0.0012
ete” —» putp Aegr > 7.0 TeV Ve < 6.4 x1074
ete” = 7rr™ A > 7.6 TeV Yer|? < 5.4 x 1074

The doubly-charged scalar H** can induce leptonic decays of SM Z and Higgs boson at 1-
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Figure 18: LFV limits on the Yukawa couplings |Y,s|* as a function of the doubly-charged

scalar mass My++. The shaded regions are excluded. See text and Table 7 for more details.

loop level. With the coupling Y, 3, the corresponding partial withs are respectively [178, 179]

2

2 2 2 Y. V*
- giMz ( cos 20, Z'y my Yay¥,p
NV A4 ~ 2 4.25
( ats) 14474 (Cos B, ) M2, ’ (4.25)
% 12 2
_ Mh(>\1’0)2 Z my Yayyﬁ 4M2 4+
D(h—€f0;) ~ T F 4 4.26
( — £, B) 21515 M[Z{ii M}% ) ( )

where My is the Z boson mass, my,, is the mass for the charged lepton /., the factor of Ajv in
Eq. (4.26) is from the trilinear scalar coupling hH " H~~ in Table 12, and the loop function
F(z) can be found in Eq. (B.8) of Ref. [179]. For the case of a # 3, the H** induced decays
in Eqgs. (4.25) and (4.26) are apparently LFV. However, in addition to the loop factor, both
the (LFV) decays of SM Higgs and Z bosons above are highly suppressed by powers of the
small ratio my /My, z. It turns out that the current precision Z and Higgs data [3] can only
exclude |Yag)? > 1 for My++ =1 TeV, and the corresponding limits are much weaker than
those in Table 7 and Fig. 18.

Similarly, given the coupling Y.z, the couplings of the leptonic scalar ¢ with neutrinos

induce the tree-level invisible decays Z — v, 3¢, h — v,vg¢ and the leptonic decay W —
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l,vg¢p. However, the limits from current precision EW and Higgs data are at most Y,5 2

O(1) [117, 118], and therefore, are not shown in Table 7 and Fig. 18.

4.1.3 High-energy behavior: perturbativity and unitarity limits

Since larger values of A\g and Y, 3 play important roles for the hadron collider signal of this
model, let us first check the largest values of these couplings which can be accommodated at
the EW scale without becoming non-perturbative at a higher energy scale. For the purpose
of illustration, we set just one Yukawa coupling Y, to be non-vanishing, with all other
Yukawa couplings Y,s (o # pp) to be zero. This choice is compatible with the current
limits in Table 7, as the products of the Yukawa couplings must be small due to the existing
LFV limits, while a single coupling (Y, in our case) can be as large as Y, ~ O(1) for

My++ ~ 1 TeV.
5
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Figure 19: Left panel: Perturbativity limits on Ag(v) by the Landau pole at a higher scale
of 10 TeV (magenta), 100 TeV (orange), the GUT scale (red) and the Planck scale (purple),
as function of Y, (v). Right panel: Perturbativity limits on Ag (orange) and Y}, (purple) at
the EW scale, as function of the Landau pole scale p. For the solid and dashed orange lines,

we take Y),, to be respectively the perturbativity limit and zero at the EW scale.

To implement the perturbativity limits from the high-energy scale, we use the RGEs in
Appendix C for all the gauge, scalar and Yukawa couplings given in Eqgs. (4.5), (4.6), (4.3)
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and (4.7). From the RGEs, we find that A\g depends on Y),, at one-loop level, since both
Ag and Y, are associated with the interaction terms which involve the triplet scalars. The
dependence of perturbativity limits on Ag on the Yukawa coupling Y,,,(v) at the EW scale is
shown in the left panel of Fig. 19, with perturbativity up to Planck scale Mp; and the grand
unified theory (GUT) scale Mgyt for the purple and red lines, and up to the 100 TeV and
10 TeV scales for the orange and pink lines, respectively. Comparing these lines, we can see
that the perturbativity limits on Ag are very sensitive to the value of Y}, at the EW scale.
To have a perturbative Ag at the 10 TeV (100 TeV) scale, it is required that the coupling
Y,

(V) S 1.6 (1.3). For a perturbative theory up to the GUT or Planck scale, the coupling

Y, needs to be even smaller, i.e. Y,,,(v) < 0.67. The perturbativity limits on Ag and Y,
at the EW scale as function of the scale 10 TeV < p < Mp; are shown in the right panel
of Fig. 19. For the quartic coupling Ag, the solid and dashed lines correspond respectively
to the cases of Y, set at the perturbative limit and Y,, = 0 at the EW scale. As shown
in both the two panels of Fig. 18, the quartic coupling Ag can be as large as 4 (2.7), with
perturbativity holding up to 10 TeV (100 TeV). With the requirement of perturbativity up
to the Planck (GUT) scale, we have A\g < 0.48 (0.58) at the EW scale.

The high-energy behavior of Ag, Y}, and other couplings can be understood analytically
from the solutions of RGEs for these couplings. As a rough approximation, let us first see
the analytical solution of Y, without including the contributions from the gauge couplings
gs, L,y for the SU(3)c, SU(2)r, U(1)y respectively. Defining o, = Y,2, /47, it is trivial to get
the analytical solution of «, at scale p from Eq. ( C.14) as

a,(p) = (14,1—(1))7 with t=In" . (4.27)
1— Zay(v)t v
It is clear from the above equation that the coupling Y, is not asymptotically free and will
blow up when the scale parameter approaches the value of
2

t,=In (%) - Yf:(v) . (4.28)

With an initial value of Y, (v) = 1.5 at the EW scale, we can get the critical value of ¢, ~
4.39, which corresponds to an energy scale of u ~ 20 TeV. The full analytic solution of Y},

including the gauge coupling contributions is shown in Appendix D. Following the running of
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gauge couplings, and taking g7 (Mz) = 0.65100, gy (M) = 0.357254 [180, 181, 182, 183, 184],
we find that in this case t. = 4.67, which corresponds to p ~ 26 TeV.
The contribution of Y),, to the evolution of Ag can be obtained from the following ana-

lytical solution of the RGE for Ag (see Appendix D for more details)

As(i1) = hs() exp [ﬁ [ E8<u>du] | (4.29)

where Eg depends on Y, as well as the couplings ¢,y and the top-quark Yukawa coupling y;
and is given in Eq. ( D.12). As soon as Y),, turns non-perturbative, the exponential becomes
very large and Ag also becomes non-perturbative.

We have also checked the unitarity constraints on Y),, and Ag, and the details are given in
Appendix E. It is found that the unitarity constraints are much weaker Ag < 10.0, compared

to the perturbativity constraints obtained here.

4.2 Collider signatures

In this section we analyze the striking signatures of this model at the LHC and future
100 TeV hadron colliders. The model parameters adopted have been cooperated with low
engery & high energy constraints we studied as well as the current experimental limit. We

consider both the pair production and the associated production channels:
pp— HTTH—, H*FHT. (4.30)

The production cross sections in the two channels for the doubly-charged scalar coming from
an SU(2)-triplet A at the 14 TeV LHC and future 100 TeV colliders have been estimated
in Refs. [152, 185], which are reproduced in Fig. 20. As shown in Section 4.1.1, the final
states associated with these production processes depend on the decay branching fractions

of H** and H*. Our model predicts novel decay processes

H** 5 W*W*¢ and HFT - WTF¢, (4.31)
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Figure 20: Cross sections of H**H~~ pair (red) and H**H¥ associated (blue) production
of doubly-charged scalars at /s = 14 TeV (solid) and /s = 100 TeV (dashed) pp colliders.

where the light leptonic scalars ¢ = H;y, A; will escape from detection and lead to missing
momentum. This can be used to distinguish our model from the standard Type-II seesaw. In
this paper, we will focus on these novel channels. The prospects of the small Yukawa coupling
scenario at future hadron colliders are investigated in Section 4.2.1, the large Yukawa coupling
case is analyzed in Section 4.2.2; and the intermediate Yukawa coupling case is considered

in Section 4.2.3.

4.2.1 Small Yukawa coupling scenario

One typical choice of parameter is that the Yukawa coupling Y,5 < 1072 to satisfy all
the low-energy experimental limits in Section 4.1.2. Note that this choice of Y,3 would
result in an effective v,v3¢ coupling A\,p of order 1073, which is too small to probe in the
VBF channel discussed in Ref. [118], but accessible in our UV-complete model due to the
additional interactions, as shown below. In particular, under this choice of small Yukawa

coupling, the doubly-charged scalar H** will mostly decay to two W bosons and a light
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neutral leptonic scalar ¢ = Hy, Ay; cf. the top right panel of Fig. 17. With two same-sign
W bosons decaying leptonically and the other two decaying hadronically, the final state of
our signal features two same-sign leptons (e or u) plus jets and large missing transverse

momentum in the pair production channel, i.e.
pp— HT (= WIW o) H (= W W™¢) — (50F + 4 jets + EFs .

Similarly, we also have the associated production pp — HT¥*HT with HT — WT¢ which
also has the same final states. However, due to the presence of less number of W'’s, the
contribution from the associated production is small to our signal.

We use FeynRules [74] to define the fields and the Lagrangian of our model, then the
resulting UFO model file is fed into MadGraph5_aMC@NLO [47] to generate the Monte Carlo
events where the decay of vector bosons is achieved by the Madspin [51] module integrated
within MadGraph5. Next-to-leading order corrections are included by a k-factor of 1.25 [186]
for our signal process. The leading SM backgrounds come from W2 and WW productions
and the sub-leading ones from WWW and t{W processes are also considered. We use
MadGraphb to generate the background events, and the leading ones are generated with
two extra jets to properly account for the jet multiplicity in the final states. The events
from the hard processes are showered with Pythia8 [187] and the jets are clustered using
Fastjet [106] with the anti-k7 algorithm [188] and the cone radius AR = 0.4. All the signal
and background events are smeared to simulate the detector effect by our own code using
Delphes CMS PhaseII cards [189).

Electrons (muons) are selected by requiring that pr > 10GeV and |n| < 2.47 (2.5), jets
are required to have pr > 20GeV and || < 3. We adopt the b-tagging formula from the
Delphes default card where the efficiency is €, = 0.8tanh (0.00Spf}'jet) x 30/(1 + 0.086p5*")
(with plg,?jet in unit of GeV) [189]. We apply some pre-selection cuts before launching the
carefully designed analysis below. First, all events should have exactly two same-sign leptons
and the number of jets should be at least 3: Nje; > 3. Finally we veto any event with b-tagged
jet: Npjer = 0.
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4.2.1.1 Cut-based analysis The same-sign W pair signal from H** — W*W* has
been searched for at the LHC by the ATLAS collaboration [163, 10]. In the searches of same-
sign dilepton plus jets plus missing energy, the most stringent lower limit on doubly-charged
scalar mass is 350 GeV [10]. As a case study, we first consider the scenario of My++ =
400 GeV, which satisfies the current direct LHC constraints. The kinematic variables we
use to distinguish the signal from backgrounds are the missing transverse energy FEX'S the
effective mass Mg defined as scalar sum of transverse momenta of all reconstructed leptons,
jets, and missing energy, the separation ARy, between two leptons, the azimuthal angle
Ap(l, E3s) between the two lepton system and EFSS, the invariant mass of all jets Mies,
and the cluster transverse mass from jets and ER defined as [190]

1/2

2 2

2
+ B (4.32)

v |||+ |7
J

> P+ By
J

To enhance the signal-to-background ratio, the selection cuts we applied are as follows,
and the corresponding cut-flows for the cross sections of signal and backgrounds are collected

in Table &.

e 0.3 < ARy < 2.0. The lower limit of ARy separates the leptons for isolation. The
leptons in our signal emerge from the decay of two same-sign W bosons which are from
the decay of H**. However, the leptons associated with the background processes emerge
from the decays of W and Z bosons which are well separated. Therefore, the leptons
in the signal tend to have smaller ARy. The distributions of ARy, for the signal and
backgrounds are presented in the top left panel of Fig. 21.

e LM > 110GeV. One of the decay products emerging from H** is the light neutral
scalar ¢ which decays only into neutrinos and appears to be invisible in the detector.
Due to the existence of the massive ¢ along with the neutrinos from W boson decay,
our signal tends to have larger missing transverse energy compared to the background
processes (see the top right panel of Fig. 21 for distributions). Consequently, we choose

a high E* threshold to distinguish the signal from backgrounds.
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e Mz > 350 GeV. Borrowed from the SUSY searches [191, 192], the effective mass Mg is
a measure of the overall activity of the event. It provides a good discrimination especially
for signals with energetic jets. The jets in our signal are from W decay while the jets
associated with backgrounds are from the QCD productions, which makes the jets from
the signal to be more energetic in general. This can be seen in the middle left panel
of Fig. 21. Thus the effective mass associated with the signal is distributed at higher
values.

° M%?ts > 300GeV. Since the decay products from H** contain invisible particles, we
cannot fully reconstruct its mass. The transverse mass Mg,?ts is an alternative option in
this situation. We choose to reconstruct the transverse mass M“'Te " of H** using jets and
EXss in order to reproduce its mass peak as close as possible. From the distributions
shown in the middle right panel of Fig. 21, we can see that the transverse mass for
the signal peaks around 400 GeV while for backgrounds it peaks at a smaller value.
Consequently, a large M%? * cut can help us to discriminate the signal from backgrounds.

o 150GeV < Mies < 350GeV. As mentioned above, the jets in the signal emerge from
the hadronic decays of W boson while the jets associated with the main backgrounds are
from QCD production. As a result, the invariant mass of all jets from backgrounds has
a broader and flatter distribution, while the distribution for the signal is concentrated
in the region between the two W boson mass threshold and the doubly-charged scalar
mass, as shown in the bottom left panel of Fig. 21. This provides a good observable to
distinguish the signal from backgrounds.

o A¢(ll, Ems) < 1.5. The contributions to B associated with the signal are neutrinos
and the light neutral scalar ¢ from the decay of H**. The signal decay products include
also same-sign dileptons and, consequently, the azimuthal angle between the same-sign
dilepton and E*s in the signal tends to have a small value. In contrast, the backgrounds
do not have such kinematics and thus the distribution of A¢(¢¢, ER) is rather flat for
the background processes. The distributions for the signal and backgrounds are shown

in the bottom right panel of Fig. 21.

After all the cuts, it is found in Table 8 that the cross section for our signal is only a

few times smaller than that for the SM backgrounds. To calculate the signal significance,
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Figure 21: Distributions of observables used in cut-based analysis for the signal W*W=*¢
and SM backgrounds WZ, WW , ttW, WWW: separation of two leptons ARy, (top left),
missing transverse energy EXS (top right), effective mass Mg (middle left), transverse mass
M of H** defined in Eq. (4.32) (middle right), invariant mass Mjes of jets (bottom left),
and the azimuthal angle A¢(¢¢, E*) between dilepton and missing energy (bottom right).

All the distributions are normalized to be unity.
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Table 8: Cut-flow of the cross sections for signal and SM backgrounds WZ, WW, ttW,
WWW at the HL-LHC with My++ = 400 GeV.

Cut Selection Signal | WZ WW tiW  WWW

(] | [(b] [fb] [fb]  [fb]

0.3 < ARy < 2.0 0092 | 45 13 064 025
Eis > 110 GeV 0.067 | 1.1 041 0.191 0.053

Mg > 350 GeV 0.066 | 0.95 0.39 0.18  0.039

M > 300 GeV 0.064 | 0.94 039 018 0.038

150 GeV < Mg < 350GeV | 0.062 | 022 0.067 0.073  0.018
AG(E0, BX) < 1.5 0.049 | 0.13 0.035 0.040 0.010

we use the metric 0 = S/v/S + B where S and B are the numbers of events for signal
and backgrounds respectively, and we have not included any systematic uncertainties in our
analysis. The expected event yields at the HL-LHC after all the cuts above are shown in
Table 9. It is clear that the significance can reach 5o in the cut-based analysis, which implies

a great potential for discovery of the signal H** — W*W*¢ at the HL-LHC.

4.2.1.2 BDT improvement In order to further control the backgrounds, we adopt the
BDT technique. In particular, we use the XGBoost package [193] to build the BDT. In

addition to the variables mentioned above, we also feed the BDT the following variables:

e invariant mass My, of same-sign dileptons;

e transverse mass M# constructed from leptons and EXss;

e azimuthal angles A¢ ({1, EX5) and Ag(ly, EX%) between leptons and Ess;
e azimuthal angle Ag¢(j;, E¥%) between leading jet and Ess;

e separation ARy, ; and ARy,;, of leptons and leading jet;

e minimum separation minAR;; of two jets;
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Table 9: Number of events in cut-based and BDT analysis for signal and backgrounds at
the HL-LHC with 3 ab™! luminosity and for Mpy++ = 400 GeV. The last column shows the

significance of signal.

Signal | WZ WW  #W  WWW | Backgrounds o

Number of events
145.56 | 397.54 104.17 120.00 30.42 652.12 5.15

(cut-based)

Number of events

(BDT-based)

184.56 | 70.00  23.00 29.30  10.48 132.78 10.36

e minimum separation minARy; of leptons and jets;

e minimum invariant mass minM;; of two jets.

Some of the distributions, such as those for min;;, M, M and minAR;;, are shown in
Fig. 22. We will see in the lower right panel of Fig. 23 that these distributions are also very
important for discriminating the signal from backgrounds.

The hyperparameters we used to train BDT are as follows: the learning rate is 0.1, the
number of trees is 500, the maximum depth of each tree is 3, the fraction of events to train
tree on is 0.6, the fraction of features to train tree on is 0.8, the minimum sum of instance
weight needed in a child is 3, and the minimum loss reduction required to make a further
partition on a leaf node of the tree is 0.2.

We split the data set into a training set and a testing set to make sure that there is no
over-fitting. The BDT responses for our testing set are shown in the upper panel of Fig. 23.
The BDT response close to 1 means the event is more signal-like while the response around 0
means the event is more background-like. We can see that our BDT classifier behaves quite
good on the testing set. The receiver operating characteristic curve (ROC curve) of BDT and
its feature importance are presented respectively in the lower left and right panels of Fig. 23.

The feature importance is measured by “gain”, which is defined as the average training loss
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Figure 22: More distributions of variables that are found by BDT to be important for
distinguishing signal W*W*¢ from backgrounds W2, WW, ttW, WWW: minimum in-
variant mass minl;; of two jets (upper left), invariant mass M, of same-sign dilepton
(upper right), transverse mass M# of leptons and missing energy (lower left), and minimum

separation minAR;; of two jets (lower right).

reduction gained when using a feature for splitting. The importance plot shows the top 10
important variables in the BDT training. The observables used in the cut-based analysis
rank among the top 10 by the BDT, where the most important one is the effective mass
Mg, followed by Miets and E®iss In addition, the BDT determines that the distributions

minM;;, My, M%¥ and minAR;; shown in Fig. 22 are also very important.
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portance plot, the variables from top to bottom are respectively Mg, Miets, EF5, minM;;

Ji»
My, ARy, MX, M%?ts, minAR;; and Ap(l, ERiss),

We choose the BDT cut such that it maximizes the significance of signal. For Mpy++ =
400 GeV, the event yields of signal and backgrounds after the BDT cut are reported in
Table 9. We can see that the BDT can eliminate backgrounds significantly while keeping
most of the signal. The significance can reach 10.36 with the help of BDT, which is improved

remarkably in comparison to the cut-based method in Section 4.2.1.1.
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Figure 24: BDT significance as a function of Mg+« at the HL-LHC (solid) and future 100
TeV collider (dashed) for the small Yukawa coupling scenario. The red star is current LHC
20 limit on Mpy++ in the WEW#* channel [10].

4.2.1.3 Mass reaches To explore the discovery potential of H** in the small Yukawa
coupling scenario at the HL-LHC, we generate event samples for the signal process for My++
in the range from 300 GeV to 1.2 TeV with the step of 100 GeV. We build BDTs for different
masses to discriminate the signal from the SM backgrounds and maximize the significance.
The significance as a function of the doubly-charged scalar mass My++ is shown in Figure 24
as the solid line. It is found that we can reach Mpy++ ~ 800 GeV at the 20 significance in
the W*W*¢ channel for the small Yukawa scenario at the HL-LHC.

At future 100 TeV hadron colliders such as FCC-hh and SPPC, the production cross
section of H** can be largely enhanced, as shown in Fig. 20. Following the same BDT
analysis as that at 14 TeV LHC, the significance of signal as a function of My++ is presented
as the dashed line in Figure 24. Benefiting from the large cross section, the prospect of

Mpy++ can reach up to 3.8 TeV at the 20 sensitivity at the 100 TeV collider.
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4.2.2 Large Yukawa coupling scenario

Another case of interest in contrast to the previous one is the large Yukawa coupling
scenario. According to the low-energy flavor limits in Table 7, most elements of the Yukawa
coupling matrix Y, are bounded to be small while Y,,, can be of O(1) for TeV-scale H**.
Note that the effective coupling between neutrinos and leptonic scalars (H; and A;) in our
model is of order A5 ~ 2v/2Y,5 sin@ (cf. Table 6); therefore, Y,, ~ O(1) could also be
probed at hadron colliders via the VBF process discussed in our previous study [118]. For
example, a Y, = 1.5 Yukawa coupling leads to an effective coupling A,, ~ 0.58 which is
within the 20 LHC sensitivity in the VBF mode [118]. Although the Y;, coupling is the least
constrained (cf. Table 7), final states involving taus at the hadron colliders are more difficult
to analyze; therefore, we only focus on the muon final states and leave the tau signal for a
future work.

After considering the constraints from perturbativity and unitarity in Section 4.1.3,
we found that the Y, component can be as high as 1.5 as presented in Fig. 19. This
is still consistent with the muon g — 2 bound given in Table 7 for a TeV-scale H**. In
this scenario, the contributions from other Yukawa coupling elements are negligible, and
the doubly-charged scalar H** decays predominately into a pair of same-sign muons, i.e.
BR(H** — p*p®) ~ 100%. For large Y, the main decay channel for the singly-charged
scalar will be H* — pu* v. However, the H* — W* ¢ channel is still feasible and its BR
varies from 10% to 20% depending on the mass of H*, as shown in the lower left panel
of Fig. 17. With the W boson decaying hadronically, the ¢ induced signal at the hadron

collider emerges from the associated production channel as follows:
pp — H* (= pp®) HF (= WF¢) — pp® + 2jets + B

i.e. same-sign muon pair plus two jets from W boson decay plus transverse missing energy
from ¢. We should mention here that the traditional 3-p or 4-u channels will still be the
discovery mode for this scenario, but our choice of the final state and analysis is useful to
determine the mass of leptonic scalar ¢ (H;/A;) as will be shown in Section 4.2.2.2.

The same-sign dilepton signals are “smoking-gun” signals of doubly-charged scalars at the

high-energy colliders, and have been searched for at the LEP [194, 195, 196], Tevatron [197,
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198, 199, 200], LHC data at 7 TeV [201, 202], 8 TeV [203, 204] and 13 TeV [11, 162]. For
the scenario BR(H** — p*pu*) = 100%, the current most stringent lower dilepton limit on

Mpy++ is from the LHC 13 TeV data, being 846 GeV [11]. For illustration purpose, we use
My+s = 900GeV, My= = 893 GeV (4.33)

as our benchmark scenario for the analysis below.
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Figure 25: Distributions of E* (upper), AR;; (lower left) and M+, (lower right) in
associated production H**HT and the SM backgrounds WZ, WW, ttW, WWW.

4.2.2.1 Analysis and mass reaches The signal samples are generated by using MadGraph5.
Since the final state is similar to the small Yukawa coupling case, we use the same back-

ground samples as in Section 4.2.1. The muon and jet definitions are also kept unchanged.
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All the events are required to have two reconstructed same-sign muons and two jets without
any b-tagged jet. In addition, to further control the backgrounds the following cuts are ap-
plied, and the corresponding cut-flows for the cross sections of signal and backgrounds are

presented in Table 10.

e minAR,; > 0.4 and AR,, > 0.3. This is to satisfy the muon isolation criteria.

o LM > 200GeV. Since EXS in the signal is from the scalar ¢ = Hy, Ay, it tends to
have a larger value than the backgrounds with a broader distribution, as shown in the
upper panel of Fig. 25.

e AR,; < 2. The two jets in the signal are from the decay products of a very energetic
W boson, so they tend to be more collimated than the backgrounds. With the distribu-
tions shown in the lower left panel of Fig. 25, a small AR;; can help us to reduce the
backgrounds.

o 700GeV < M,=+,+ < 1100 GeV. Since the same-sign muon pair appears from the decay
of the H** boson, their Breit-Wigner peak provides a strong discrimination against the

SM backgrounds. This can be clearly seen in the lower right panel of Fig. 25.

Table 10: Cut-flow of the cross sections for signal and SM backgrounds W2, WW, ttW,
WWW at the HL-LHC for the large Yukawa coupling scenario (4.33). Backgrounds that are

“_m

essentially eliminated are denoted by S.

Signal | WZ —~ WW  H#HW WWW
[fb] [fb] [fb] [fb] [fb]

Cut Selection

minAR,; > 0.4 and AR,,, > 0.3 | 0.0059 | 1.7 0.81  0.044 027

Emiss > 200 GeV 0.0056 | 0.036 0.049  0.0027  0.010
ARj; <2 0.0054 | 0.017 0.013  0.0019 0.0082
700 GeV < M+ ,= < 1100 GeV | 0.0050 | 0.00010 0.00015 — 0.00019

As a result of very distinct topologies of the signal and backgrounds, the number of

background events can be highly suppressed after the cuts, as reported in Table 10. The
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expected numbers of events at the HL-LHC are shown in Table 11. In the cut-based analysis,

the significance can reach o = 3.67 for the benchmark scenario in Eq. (4.33).

Table 11: Number of events in cut-based and BDT analysis for associated production
H**H¥ in the benchmark scenario (4.33) and the SM backgrounds at the HL-LHC with
3 ab™! luminosity. The last column shows the significance of signal. Backgrounds that are

essentially eliminated by our cuts are denoted by “—7s.

Signal | WZ WW W WWW | Backgrounds | o

Number of events

(Cut-based)

1487 1032 046  — 0.57 1.35 3.69

Number of events

(BDT-based)

19.00 — — — 0.06 0.06 4.35

As in the small Yukawa coupling case in Section 4.2.1, BDT can help us improve to some
extent the sensitivity. In addition to the observables above in cut-and-count analysis, we

also use the following observables:

e transverse momenta pp , and pp . of the two muons;
o effective mass Mg,

e invariant mass M;; of two jets;

e total transverse momentum Pr,jj of two jets;

e transverse mass My constructed from jets and ERsS;

e azimuthal angle A¢(uu, EX) between two muons and Emiss,

The BDT score distribution is presented in Fig. 26. As expected, the signal is well separated
from the backgrounds. Therefore the BDT can eliminate almost all the background events
while keeping most of the signal events. The expected numbers of signal and background
events after optimal BDT cuts are collected in the last row of Table 11. With the help of
BDT, the sensitivity can reach a higher value at o = 4.35.

Since the backgrounds can be highly suppressed by the BDT analysis, the significance

will be mainly determined by the cross section of signal, which in turn depends on the mass
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Figure 26:

Figure 27: BDT significance as a function of My++ at the HL-LHC (solid) and future 100
TeV collider (dashed) for the large Yukawa coupling scenario. The red star indicates the
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of H**. We generate our signal samples in the step of 100 GeV for Mpy++ varying from
900 GeV to 1.5 TeV. The resultant significance at the HL-LHC as a function of Mpy++ is
shown in Fig. 27 as the solid line. It turns out H** can be probed up to 1.1 TeV at the
20 sensitivity at the HL-LHC in the large Yukawa coupling scenario. At a future 100 TeV
collider, the production cross section o(pp — H**HT) can be enhanced by over one order
of magnitude (see Fig. 20). The corresponding prospect of My++ can reach up to 4 TeV at
the 20 sensitivity, which is indicated by the dashed line in Fig. 27.

4.2.2.2 Mass determination of the leptonic scalar ¢ For the associated production
H**HT in the large Yukawa coupling case, the only missing particles is ¢ = H;, A;, which
provides a possibility to measure its mass. However, at the hadron colliders such as LHC, we
can at most determine the transverse momentum of ¢ while its longitudinal momentum is
completely lost. Therefore the usual method to determine a particle’s mass is not applicable
here. An alternative approach is to utilizes the transverse mass of a mother particle whose
decay products contain a massive invisible daughter particle. To achieve this, we need to
modify the definition of transverse mass in Eq. (4.32). In that equation, we do not consider
the mass of the missing particles but simply assume the transverse energy of missing particles
to be the same as the missing transverse momentum. The modified definition of missing

transverse energy is

Ein“liss(m) = \/ m? + p%, miss ? (434)

where m is the assumed mass of ¢, and pr miss is the missing transverse momentum. Thus

the cluster transverse mass Mp can be re-expressed as a function of the assumed mass m:

2
+ \/ mQ +p%’,miss

As shown in Refs. [205, 206], the endpoint of M7 distribution will increase with the assumed

1/2

2 2

M) = | [ | M2+ [ 7% - (@.3)
J

p%’+ P T, miss
J

mass m, and a kink will appear at the point of m = m when the assumed mass m is equal

to the real mass m of the invisible daughter particle.
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Figure 28: My endpoints (black triangles) from EdgeFinder fitting [12] as a function of
assumed trial mass m,. The red straight lines are from linear fittings as an illustration of

kink position.

As an explicit example, we choose the scalar mass my = 89.28 GeV, and the masses of
charged scalars are set as in Eq. (4.33). We calculate the transverse mass My of the simulated
events by Eq. (4.35) with different choices of 7, and then use package EdgeFinder [12] to
find the endpoint of Mr distribution for each m choice. The result is shown in Fig. 28. By
fitting the data points, a kink is found at m = (93.60+£11.43) GeV. Comparing m at the kink
with the real mass mg, we find that this method provides a great potential for measuring
the mass of the invisible light scalar ¢ = Hy, A; at the LHC.

We note that the fitting process may be associated with some uncertainties for both My
edges and my. To test the robustness of fitting result, we smear the My edge according to the
initial error bars from the EdgeFinder package in a Normal distribution. Using 100 points for
trial, we find that the mass determination by the kink yields a result m = (93.55+£11.41) GeV.
Since the uncertainty range does not change, we can state that the kink-finding method
leads to a rather reliable mass determination. It should be noted that it is difficult to
apply the mass determination technique used here to the small Yukawa coupling scenario

in Section 4.2.1, since in that case ¢ is from H** decay, which leads to the appearance of
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missing energy from both neutrinos from W boson decay and the invisible scalar ¢.

4.2.3 Intermediate Yukawa coupling scenario
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Figure 29: Significance as a function of My++ at the HL-LHC (red) and future 100 TeV
collider (blue) for the intermediate Yukawa coupling scenario, in the channels of H**H~~ —
WIW oW =W =¢ — (£0* + 45 + EF (top left), (KOEWFWFo — (50F + 45 + B (top
right), (FOEWFWF¢ — (05T + 25+ EW (bottom left) and £F¢T¢~¢~ (bottom right). The
“BR” in all the legends refers to the leptonic decay branching fraction BR(H** — (£¢*) of

the doubly-charged scalar.

For the completeness of our study, we also investigate the mass reach in the intermediate

Yukawa coupling scenario. If the Yukawa coupling is of order O(1072 — 1), the branching

72



fraction of leptonic channel H** — ege?; could be comparable to the bosonic channel H** —
W*W=*¢. Since these two channels make up all the doubly-charged scalar decay, once we
fix the branching fraction of one channel, the other one could be easily obtained, thus we
could scale the cross section of pair production pp — H*TH~~ accordingly to estimate the
mass reach with different final states.

The first process we consider is the same as that in small Yukawa coupling scenario
in Section 4.2.1, i.e. with both doubly-charged scalars decaying bosonically, and the same-
sign W bosons decaying leptonically. The final state would be a pair of same-sign leptons
plus jets and large missing transverse energy: H™H(— W W*¢) H—(— W W~ ¢) —
(0* + 4 jets + E¥s5. Since the branching fraction of the bosonic channel is no longer
100% for intermediate Yukawa couplings, the mass reach would be undermined by the rising
branching fraction of the leptonic decay channel H¥* — ¢*¢*. The significance of H** in
this channel is shown in the top left panel of Fig. 29 as function of My++, where the red
and blue lines are respectively for the HL-LHC and future 100 TeV collider. As shown in
this figure, the doubly-charged scalar can be probed at the 20 C.L. with mass below 500
GeV (2.9 TeV) at the HL-LHC (future 100 TeV collider) for BR(H** — (*(*) = 50%. As
the leptonic BR decreases, the mass reach increases, as expected, up to the ones reported in
Fig. 24 (corresponding to BR(H** — (£(*)=0).

When the leptonic branching fraction is large enough, it is more likely that one of the
pair-produced H** decays leptonically and the other one decays bosonically. In this case,
the final states with two or three charged leptons are of great interest. The two same-sign
leptons can be used to reconstruct the Breit-Wigner peak of the mother doubly-changed
scalar, making such signals almost background free. The corresponding significances of H**
in the two-lepton channel H*+H~~ — (X(XWTWT¢ — (*(* + 45 + E¥ and three-lepton
channel HtHH== — (F(EWFWTFp — (F(E(F + 2§ + EFS are shown respectively in the top
right and bottom left panels of Fig. 29. In the two-lepton channel, the 20 sensitivities for
H** mass are respectively 1.1 TeV at HL-LHC and 5.7 TeV at future 100 TeV collider for
BR(H** — (*(*) < 90%. With the same branching fraction choice, the mass reach of H**
in the three-lepton final state is slightly lower — 1 (5.3) TeV at the HL-LHC (future 100 TeV
collider).
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The last case is the four-lepton final state via the process H**H~~ — (T¢*{~{~. Since
we have two Breit-Wigner peaks from the two pairs of same-sign leptons, the search of H**
is same as in the standard Type-II seesaw, and the only limitations are the cross section
of pair production and the branching fraction of the leptonic decay channel. The resultant
significance of H** in this channel is shown in the bottom right panel of Fig. 29. As shown
in this figure, at the 20 C.L. the doubly-charged scalar mass can reach respectively 950
GeV and 4.8 TeV at HL-LHC and future 100 TeV collider in the ¢*¢*¢~¢~ channel with
BR(H** — (£0%) > 20%.
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5.0 Conclusions

5.1 Conclusions on Higgs couplings Study

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. The first part of my thesis work focused on this
area. In chapters 2 and 3, the phenomenology of HZZ and Htt couplings at TeV scale were
studied in details, which highlight the Higgs couplings in time-like domain and space-like
domain respectively.

In chapter 2, 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,
renders strong limits for all considered BSM scenarios. A summary table and comparison
with the existing results in the literature are provided in Table 3. 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';/T3M < 1.31.
In addition, the characteristic high energy behavior for the new physics terms within the
EFT framework results in relevant bounds on the (k¢, ,) 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 &, ~ [0.4,1.1] at 95% CL. The upper
bound on k; is complementary to the direct Yukawa measurement via ttH 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
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Higgs-top interaction, we obtain that the HL-LHC is sensitive to new physics effects at
large energies with A = 1.5 TeV for n = 2 and A = 2.1 TeV for n = 3 at 95% CL. We
conclude that, utilizing the promising H* — Z(¢*¢~)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 3, 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. 3.1. We presented in Sec. 3.2 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 prj 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/ /¢ ~ 2.9 TeV and the Oy, operator to A/\/@ ~ 1.0 TeV,
as shown in Sec. 3.2.1. 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. 3.2.2, 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 5. 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 [207]. In addition, we can increase our
present tf(h — bb) statistical sample by about a factor of six, if we include one leptonic decay
plus one hadronic decay of the ¢f. The analysis, however, would be more complex, with

significantly larger QCD backgrounds [208]. Finally, while we adopt MadGraph5_aMCONLO
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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
ttbb background [209, 210, 211]. We leave those improvements to future work with realistic

simulations.

5.2 Conclusions on BSM Search in UV-complete Neutrino Model

Another important part of my PhD research focused on BSM searches related to neutrino
interactions. Since the non-standard neutrino interactions (NSIs) have been widely studied,
there is an increasing need to achieve a UV completion for the EFT operators. In chapter 4,
we presented a global (B — L)-conserved UV-complete neutrino mass model which contains
a scalar triplet A and a singlet ® both carrying a B — L charge of +2. From mixing of the
neutral components of A with ®, this model features new neutrino interactions along with
a pair of (light) leptonic scalars H; and A;, collectively denoted by ¢. The light leptonic
scalar ¢ induces very rich phenomenological consequences.

The main points of our model features, allowed parameter space and the prospects of
discovering this model at the HL-LHC and a future 100 TeV collider are summarized as

follows:

e The proposed model ensembles the Type-II seesaw model. But unlike the standard Type-
IT seesaw model, the neutral component of the triplet A of this model does not acquire
any VEV. As a result, there is no Majorana mass term, neutrinos are Dirac fermions,
and the SU(2), custodial symmetry remains unbroken in this model.

e In light of all the low-energy LF'V constraints, the coupling Y, can be as large as O(1)
for a TeV-scale H** while all other Yukawa couplings are more stringently constrained
(see Fig. 18 and Table 7). Using RGEs, we have also determined the largest values of
Ag and Y3 at the EW scale in order to keep the theory perturbative all the way to the
UV-complete scale, as shown in Fig. 19. It is remarkable that as a good approximation
the perturbativity limits can be obtained analytically. We checked also the unitarity

constraints for these couplings and found them to be much weaker compared to the
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perturbativity limits.

Originating from the gauge couplings, H** and H* can decay into the light leptonic
scalar ¢ = Hy, A; via H** — W*W*¢ and H* — W=*¢. The scalar ¢ provides
additional sources of missing energy (along with the neutrinos from the decays of W when
the leptonic final states are selected) since it decays only into neutrinos, i.e. ¢ — vv.
These new decay channels H** — W*W=*¢ and H* — W*¢ dominate for small Y.
For O(1) values of Y,5, HY** and H* decay primarily into (% and (*v respectively,
while the decay H* — W*¢ can still occur with a BR of 10% — 20% level, as shown in
the left panels of Fig. 17, which is used for signal selection in this case.

For our LHC analysis, we utilized the presence of the new source of missing energy from ¢
in the decays of H** and H*, and the BDT analysis can improve significantly the signal
significance, in particular for the small Yukawa coupling case. At the HL-LHC, we found
that for small and large Y,s, the 20 (50) sensitivity reaches for H** are respectively
800 (500) GeV and 1.1 (0.8) TeV (see Tables 9 and 11), as denoted by the solid lines in
Figs. 24 and 27. These prospects are well above the current LHC constraints.

At a future 100 TeV collider, the production cross section of H** can be enhanced by over
one order of magnitude in both pair production and associated production channels (see
Fig. 20). Therefore the mass reaches of H** can be largely improved via the observation
of ¢ induced signals. For the small and large Yukawa coupling cases, the mass Mpy++
can reach up to 3.8 (2.6) TeV and 4 (2.7) TeV respectively at the 20 (50) significance
(see Tables 9 and 11), as indicated by the dashed lines in Figs. 24 and 27.

In the large Yukawa coupling scenario, the missing transverse energy is completely from
the invisible light scalar ¢ at the parton level in the pp — HT¥*HT — pFp* + 25 +
E¥ss channel, and the mass mg can be determined with 10% accuracy at the LHC
via the transverse mass distributions associated with jets and missing energy. This is
demonstrated in Fig. 28.

In the intermediate Yukawa coupling case with |Y,5| = O(107% — 1), the branching
fractions of leptonic /*¢* and bosonic W*W=*¢ decays of H** are comparable to each

other, the doubly-charged scalar H** can be searched at the future hadron colliders in

the HTTH== — (*(* + 45 + ERSS ((F(F + 25 + EWS and ¢7¢*¢~¢~ channels. The
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corresponding prospects of H** depend largely on the leptonic branching fraction of
H** and the search channels. For the purpose of studying the leptonic scalar ¢ in the
final state, the intermediate Yukawa coupling case can be most beneficial, from combining

the leptonic and bosonic decay channels.

In this work, we have focused on the light leptonic scalar case with mass M;,/2 < My <
O(100 GeV). It should be noted that the analysis in this chapter can be generalized to the
cases with relatively heavier leptonic scalars ¢, say with masses of few hundreds of GeV or
even larger. Then the ¢-induced signals will depend largely on the mass My. The light
¢ induced signal in this work can also be compared with the searches of H** at future
hadron colliders in the standard Type-II seesaw. For instance, the H** mass reach has been
estimated in the standard Type-II scenario for the LHC and future 100 TeV colliders in
Refs. [152, 185]. In a large region of parameter space of Type-1I seesaw, the bosonic decay
channel H** — W*W¥ dominates, and the mass reach of H** is found to be 1.8 TeV at
50 at the 100 TeV collider, which is smaller than our reach of ~2.6 TeV in both the large
and small Yukawa coupling scenarios (cf. the dashed line in Figs. 24 and 27). The better
reach in our model is due to the extra source of missing energy via ¢. This makes the signal

in our model more easily distinguishable from the SM backgrounds.
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Appendix A Feynman rules in a UV-complete model with leptonic scalars

This appendix summarizes all the interaction vertices and their Feynman Rules for the
model presented in Section 4.1. The model contains three CP-even scalars h, Hy, Hy; two
CP-odd scalars A;, A,; the singly-charged scalars H*; and the doubly-charged scalars H*=.
The component h from the SU(2)-doublet is identified with the 125 GeV SM Higgs boson.
In our convention, H; is lighter than Hs, and A; is lighter than As. The trilinear and quartic
scalar couplings are collected in Tables 12 and 13 respectively, the trilinear and quartic gauge
couplings are presented in Tables 14 and 15 respectively, and the Yukawa couplings can be

found in Table 16.

Table 12: Trilinear scalar couplings.

Vertices Couplings
HyHih, AyA1th —i (M + Ag)sin® 0 + \g cos? 0 + \g sin 26)v
HyHyh, AsAsh —i (A + Ag) cos? 0 + Agsin? @ — g sin 260)v
HiHsh, AjAsh Li (A 4 Ay — Xg) sin 26 + 2)g cos 260)v
HYH h —i (A1 + 2 A
H™H "h —i AV

Table 13: Quartic scalar couplings

Vertices Couplings
hhH,H,, hhA; Ay —i (Mg cos? @ — Agsin 20 4 (A} + A\y) sin®0)
hhHoHy, hhAsAs —i(A1 cos? 0 + Ay cos? O + \gsin 260 + \g sin? 0)
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hhHQHl, hhA2A1 7 ()\8 cos 260 — %()\1 + )\4 — )\6) sin 2(9)

H H\H Hy, A{A A A, —6i( 5 cos? O + A7 cos? 0sin® 0 + (Ay + A3) sin? 0)
H H A A, —2i (A5 cos? 0 + Ay cos? 0sin? 0 + (\y + A3) sin® )
HoHyHyHy, Ay A AsAs —6i((Ag + A3) cos? @ 4+ Ay cos? Osin® O + A5 sin® 9)
HyHy A5 Ay —2i((Ag + A3) cos* @ + A7 cos? Osin? § + s sin? 0)

H1H1H1H27 A1A1A1A2
H1H1H2H27 A1A1A2A2

Z( )\2 )\3+/\5+()\2+)\3+)\5—)\7)00826)S1H28
1 (3(/\2 + )\3 + )\5) + )\7 - 3()\2 + )\3 + )\5 )\7) COSs 40)

H H,H,H,, A1 Ay Ay A, g (A2 + A3 — A5 + (A2 + Az + A5 — A7) cos 26) sin 26
H H Ay Ay, HyHy A Ay — 21+ A3+ A5 + 30 — (Aa + A3 + A5 — A7) cos 46)
H\HyAy Ay, HoHy Ay Ay —2i (A2 4+ A3 — A5 4+ (Aa + A3 + A5 — A7) cos 26) sin 26
H H A Ay, HHHA A, 52 (=X = A3+ A5+ (A2 + A3 + A5 — A7) cos 20) sin 20
H HyA A,y —3i (A2 + A3+ A5 — A7) sin® 26
H*H~hh —i(A + 3M\)
HYH H\H,, HtH A1 A, —i (A7 cos?0 + 2(Xy + A3) sin? 6)
HYH™HyH,, H" H~ A, A, —i(2(X\g + A3) cos? 0 + A7 sin® 0)
HYH H\H,, H* H~ A, A, —i(Ag + A3 — SA7) sin 260
HY*HYH H- —2i(2)\y + A3)
H*+*H=~hh —i\
H*Y"H—H H,, HtTH— A A, —i (A7 cos? 0 + 2\, sin? )
HYYH ~HyHy, HtTH ~AyA, —i(2Xg cos? 0 + \;sin? )
HY*H-~H\H,, H*H = A, A, —i (Mg — 1\7) sin 26
H*t*H-H H,, HYH-H H, V/2i\s sin 0
H*tHH-A,, HVH H™ A, V23 sin @
H**H~HTH- —2i(Xy + \3)
H**HYYH—~H~ —4i( Xy + \3)
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Table 14: Trilinear gauge couplings. Here pi, po are the momenta of the first and second

particles in the vertices.

Vertices Couplings
AHZ, cg_; (p1 — p2), sin® 0
AQHQZH g—L (pl — pQ)M COS2 0
W
AlHQZu, AngZu —2gL (pl —pg)# sin 20
Cw
H*H™y, ie(p1 —pa2)u
.S
H*H-Z, —ZG—W(]?1 — Do)
cw
HYH,W,; —i g—L2 (p1 — p2), sind
_ . gL
H+H2Wu i E (p1 — p2),, cos@
_ gL .
HYAW —== (p1 — sin 0
W \/5 (pl p2)u
H* AW, g—L2 (p1 — p2)u cosd
H™ H ", 2ie(p1 — p2)u
2 _ 2
H™H~Z, ie"—W(p; — po),
CWwSw

HY"H-W, —igr(p1 — P2)u
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Table 15: Quartic gauge couplings.

Vertices

Couplings

H\HZ,2Z,, MAVZ,Z,
HyHy7,7,, AyAsZ,, 7,

H\HyZ,Z,, A\vAyZ, 7,

7
21 TL sin? 6 g,,,
c
g‘ﬁ’
2i CTL cos? 0 g,

v

—1 92—L sin 20 g,
S

Hlle;j_Wy_a A1A1WM_WV_
HQHQW;WV_, A2A2WJWV_
HlHQW:Wy_, AlAQW:Wl/_

i g2 sin® 0 g,,
i g3 cos?0 g,

—%i g7 sin26 g,

HTH v, 29 629“1,
2
HYH 2,7, 2 ¢? zTW G
w
HYH™Z,~, —2ie? S—WgW
‘w
HTH-WiW, 20 97 G
2
H+H1WM_%, —1 \/g—s sinf g,
W
2
H*HQWJ% i \/;;s cos 0 g,
W
2
H+A1W;'yl, — \/;s sin 0 g,,,
w
2
e
H+A2Wu_’}/y 9 cos Guv
W
2 2
HYH,W; Z, i \/gc (2 + STW> sin 0 g,
W by
2
HYH,W,; Z, —i \/gc (2 + ETW) €08 6 gy
w
2 2
H+A1WJZ,, \/g 2+ETWV5 sin 6 g,
c
HT AW Z ¢ (2 + i 9
2V, v _\/§C ST COSU Guv
w W
HY™H "y, 8i €2,
2 22
HYH 2,7, i g2 LW - swl
w
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cZ, — s?
H™H " Z,, 4ie* W "W

Guv
Cw Sw.
HH~W;}W, i 97 G
HH HW, W, V2ig? sinf g,,
HH,W, W, —V/2ig? cos g,
H AW, W, V2g? sinf g,
H+ AW, W, —V/297 cos0g,,
2
e
HH W —3i —
Vo 31 : G
62 02
HY*H W, Z, i— (2 + TW> Gy

Table 16: Yukawa couplings.

Vertices Couplings
H Tl 2i Yo Pp
H*IZvg V2i Y, Py

Hyv,vp —\/2i Yop Pr, cos0
Hyvyvp —/2i Yop Pr sinf
Asvavp \/§Ya5 P; cosf
Ayvavp \/§Ya5 Py sinf
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Appendix B The functions G and F in heavy Higgs decays

For the decays in Eq. (4.18), the function G(z,y) is given by

G(z,y) = é{%—l +2)° = 9(—1+ 2%y + 6(—1 + x)y?

ta— -1
+6(1 + 2 — y)y/—A(z,v) [arctan (ﬁ) + arctan <M>

—)\(Qi,y> _)‘(xvy)
—By[l +(z —y)* - Qy] logm} :

(B.1)

For the decays in Eq. (4.20), the function F is defined as

Fo= 4+ %(:v —2)?
g (0= = 20w D 407 [l = 1 = 2u(y + 1) + 0

2z —u)? (=12 =2r(z+ 1)+ 7] [(z = 1)> = 2w(z + 1) + w’]
1
oG g e+ e =)

1

X[(z=r)y—w)+(y+z+r+w-—23)]
o =y -—r-Dly-w+1)

+2(y—r—1) +2(z—r—1°+2(x—2)(z—r—1) — 8r]
L @--r- ) —w+1)

Z—U

2y —r—1+20z—r—12+2(x-2)(y—r—1)—8r],

where we have defined

8
Il

3
— 1o
N
3
S
W@
3
— 1o
w

E

2 2 2
M M
@ _ H* _ HE+
= pu— pu— . B.3
_7‘ (2 I U 7‘ [2 ) w A [2 ( )

ﬁ
If

E
i
5
N

85



Appendix C One-loop RGEs

In this appendix, we list the S-functions for all the one-loop RGEs for the gauge couplings,
quartic couplings and Yukawa couplings in our model. These were obtained using the PyR@TE
package [212, 213]. For simplicity, we keep only the Yukawa coupling Y),, in the matrix Y,z.
The gauge coupling gy is normalized to be g; = \/%gy [214].

(47)*Bys = — T3, (C.1)
(47)?By, = — ggi, (C.2)
(47m)*Bg, = + %79?, (C.3)

(47)%B\ = g (393 + 29397 + gi) + 6A2 + 1227 + 5AT +4A2 + 8A2 + 12X\
— 24y} — 3\ (397 + g7) + 12)y; (C.4)

(47)%B, = 3 (297 — 29797 + g1) + 4N} + A] + 3\ + Ay 4+ 16X Ae + 120103

3
+ 66X\ + 230 + 2X6 N7 — §A1 (11g7 + 597)

+2) (3y2 + 2|V (C.5)
(47m)2Bx, = 3 (59t — 49707 + 297) + 272 + 28)2 + 62 + A2 + 20 Ay + 24X9)g

— 12X (207 + 1) + 8\ |Y,l? (C.6)
(47)2By, = — 697 (g2 — 467) + 18M2 + M2 + 24X X3 — 16|V,

— 12)3 (297 + g1) + 83 |Vl (C.7)
(47)2Bx, = 129797 + 4] + 83 + Ay + 8\ Ay + 4do)y + 8A3)\

_ %M (1167 + 507) + 2)a (352 + 2|V | (C.8)
(47)% By = 20A2 + 2X¢ + 3)2, (C.9)

(47)28, = 4A2 + 1202 + 3X\g + 6A A7 + 8As A6 + 3Ashy
3
= 526 (397 + g7) + 6oy (C.10)
(47’(’)25}\7 = 4A$ + 4/\% + 4)\1)\6 + 16)\2/\7 + 12/\3/\7 + 2)\4/\6 + 8)\5)\7

— 6)7 (297 + g1) + 4\ |Vl (C.11)
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(47)2Brg = M + 4MAs + 6AAs + A + 2A7)s

3
= 52 (797 +397) +2)s (397 + [Viul") (C.12)
9 9, 17
(47)* By, = 597 — v (893 + 90+ ng) : (C.13)
3
(47)* By, = 8|Yuul? Yy — 5 Vin (397 + 47) - (C.14)

87



Appendix D Analytical perturbativity limits

For the gauge couplings g;, it is trivial to get the analytical one-loop expressions for the

couplings, which turn out to be

N _ Oéz‘(“)
(1) 1— Lay(v) log(u/v)

(D.1)
with g = g2/4m, ay = ¢% /4w, oy = g3 /4w for the SU(3)., SU(2);, and U(1)y couplings
respectively, and by = —7, by = —5/2, by = 47/6 [cf. Egs. ( C.1)-( C.3)]. For the SM
top-quark Yukawa coupling y;, let us first consider only the y? and g%y, terms on the RHS
of Eq. ( C.13), i.e.:

d

9
(47?)25% = §yf’ — 8g§yt. (D.2)

To implement the running of gg, we rewrite the equation above to be in the form of

1d 8§ 1d 9
N R S _ 23
T |:th dtyt + bg a3 dt&3:| Qyt ’
d 8/b 9
or, 87r23 log <yt20z3/ 3) = 5?/1:2 (D.3)

Then we can obtain the analytical running of y;:

ot =) (S 1= e [arew)] o

If we include also the g?y; and giy; terms in Eq. ( C.13), it is straightforward to get the full

analytical one-loop solution for y;:

0 =0 ( BV [ 2 [ 05)

where the function

Ea(p) = a5/ ()™ (m)ay " (). (D.6)
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In the one-loop RGE of Y, in Eq. ( C.14), if we consider only the Yi’u term on the RHS,
it is trivial to obtain

au(p) = O‘”—(U), (D.7)

11— Loy, (v)t

where o, = YuQu /4m. It is clear that the coupling Y, will blow up when the ¢ parameter
approaches the value of
t. = log (£ m (D.8)
c = 10 —_— = . .
v Y/fu(v)

With an initial value of Y),,(v) = 1.5, we can get the critical value of ¢, ~ 4.39. As in Eq. (

D.2), we can first include the gauge coupling gr,, then

-1

Y2 (1) = Y2, (v) <ng3)9/%2 {1 _ %Yju(v)ag/%m) /0 v a2_9/2b2(t’)} . (D.9)

In this case, the coupling g; becomes divergent when the parameter t. = 4.62. If we have

all the terms on the RHS of Eq. ( C.14), it turns out that

Vi) = Y2 (v) (CW_(U))W%Q (al_(v)>3/2b1

(1) a (1)
x [1 - Y2 )ad ™ () (v) / 't 03" (¢)ar " <t’>] -(D.10)

27 pp
T 0

In this case, the critical value t. = 4.67.

We also show the analytical solution of Ag(u) below:

As(i1) = As(0) exp {ﬁ | ngw} | (D.11)

where

Ba( = 30 (1- M)/ - (o) (1- M) (D.12)

2 T
- Sl (1- %) g (1+2252) )

These results agree well with the full numerical results shown in Fig. 19.
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Appendix E Partial wave unitarity bounds

We assume all the heavy Higgs bosons in our model are of order TeV in mass. The scat-
tering amplitudes are well-behaved at high energies. The unitarity constraints on amplitudes
are only reflected on the quartic coupling strengths. Following the analysis for the Type-II
seesaw model [215], the unitarity bounds in our model can be found by diagonalizing the
sub-matrices M; which correspond to the coefficients for 2 <+ 2 scalar scattering processes.

Writing the scalar multiplets explicitly as

hE L5t 5+t 1
H=| ' . A= 1ﬁ_ 1 . b=—(s+1iZy), (E1)
7§<h + ZZl> 75(6 + ZZQ) —7§5+ \/§

the sub-matrices for the initial and final states (h, hs, Z1Zy, Z1Zs, hZy, hZs, 24, sZ;,
ht6=, 6Th™) and (&s, ZyZ3, €73, $7Z3) respectively are

>
S
>
<

0 0 0 0 2v/2 2v2
- A —XAs O 0 0 0 0 _% _%
0 =X Au X O 0 0 0 ;745 ;745
M 0 X X O 0 0 0 % %
M 0 0 0 0 Aa =g 0 —\g _;yﬁ _2@45 (E£2)
1 = . . s .
0 0 0 0 —Xg A6 Ag 0 MT% M_;
0 0 0 0 0 A A A o2 A
0 0 0 0 —Xg 0 Ag X6 % _M_;
A4 _ A8 Y As (Y _iAg i\ _idg A/ 0
2v/2 V2 o2v2 V2 2v2 V2 2v/2 V2 14
Y D Y . VY T 2V Y i idg 0 A\
2v/2 V2 o2v2 V2 22 V2 2v/2 V2 14
A0 0 O
0 N 0 O
My = , (E.3)
0 0 X O
0 0 0 M\
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where we have defined the combinations of quartic couplings:

1
The eigenvalues are
Ao, MM, A, (E.5)
with
s 1 2 2
Moo = 7 |2+ 30 +2)) & V(20 30 — 22)2 + 96)2 | | (E.6)

For the states (\%hh, \/Lifﬁ, \/Liss, \/LiZlZl, \%ZQZQ, \%Zng, hth=, 676, 0tT6~ ) with

factor of 1/ V2 accounting for the identical particles, the sub-matrix is

2v/2 2 2
%‘ 3a3 % % 23 % :\/—15 V2Xa3 V2
A A A A A A A
¥ O¥ s ¥ ¥ ox % % %
A A A 3\ A A A A A
O e S S SR S S SR

M3 = % )\23 % % 3)\23 % \)}_15 \/5)\23 \/5)\2 ) (E7)

BB B B B N N
2v/2 2 2 22 2 2
N, N,
ﬁ \/5)\23 % % \/§>\23 3}_75 )‘/14 4)\/23 2)\23
3‘/_15 N» \*/—75 ’\—12 V2 \’\/—% Aa 2X93 4)gs

and the eigenvalues are

A, 22X, 2(Ma4+A3), Aoes, 1,23, (E.8)

N | —

with

1
Nzg = 7 | (A4 4he +8g) & V=42 —8X)2 + 16X (E.9)

91



and 1 9 3 are the roots of the equation

23— 227 (3N 4 16X + 12X3 + 8)5)

+8z [6A(4X2 + 3A3 + 2X5) — 3(2A1 + Aa)® + 64d0X5 + 48M3)5 — 4NG — 677

+32 [9ANZ 4 12X5(—2A (402 + 3X3) + (2A1 4+ A1)?) + 8AG(4A2 + 3X3) — 12X6A7(2X1 + Ag)] = 0.

The sub-matrix for the states (hZy, {25, sZ3) is

I\ 0 0
M4 — 0 2()\2 + )\3) 0 )
0 0 2)s5

whose eigenvalues are

1
A 200 X)), 2

(E.10)

(E.11)

(E.12)

The sub-matrix for (hht, EnT, sht, Z1ht, Zoht, Zsht, hdt, €0, sdT, 2107, Zedt, Z36T,

St §TH67) is

>
oo

A A _2s
A 0 0 0 0 0 0 e %0
0 A1 0 0 0 0 0 0 0 0
s _ids
0 0 X6 2 0 0 % (_)X (_)A s
FAY __ A4 A8
0 0 0 A 0 0 -S 24 e Ao
iAg Y
0 0 0 0 A1 0 s 0 0 e
3 __ A8 A8
0 0 0 0 Ao 28 0 0 %
0 24 22 g M s N, 0 0 0
Ms = \ 22 NG " 2v/2 V2 14
4 1A4
v 0 s 0 0 0 223 0 0
-5 0 0 i 0 0 0 0 A 0
0 24 s 0 24 28 0 0 0 X
o 2v2 V2 N 2v2 V2 14
_Aq 4
o 0 0 2% 0 0 0 0 0 0
e 0 0 2 0 0 0 0 0 0
0 0 V2xs 0 0 —V2ixg -3 0 0 -2
-2 0 0 =31 0 0 0 —V2x3 0 0

92

-
>
<

o o

OOOOOO&

S
o o 2
w

—V/2iX3

|
> ‘y .
oo ¥ oo oo oo oo o&‘o%

A
o -
_2s _2s
V2 V2
\/§>\8 0
i\
o 5
0 0
V2i)g 0
A
-2 0 7
0 —V2)3
0 0
2
50
0 V2i)3
0 0
A4 0
0 2X23
(E.13)



and the eigenvalues are
M A, A — 4 Ao + A Nooss Ao, AT E.14
A1, 2X 567, M tA, A 5 200+ 2A3), Az, Agws, A, (E.14)

with

1

Finally, the sub-matrix for (\%h*h*, \%5*5*, htot, 6t Th, 6T, 6tts, 6T T2y, 611 2,
(5++Z3) is

0 0 0 0 A 0 0 X

0 2 0 0 0 0 0 0 0

0 0 Ny, -2 0 0 2 0 0

0 0 N 0 0 0 0 0
Mg=] 0 0 0 0 2% 0 0 0 o0, (E.16)

X 0 0 0 0 XA 0O 0 O

0 0 -2 0 0 0 A 0 0

0 0 0 0 0 0 0 2\ 0

—ids 0 0 0 0 0 0 0 X

and the eigenvalues are

A7, 2Xa, 2X 4+ A3, A+, A — %)\47 Adrs - (E.17)

To implement the unitarity bounds, we can set all the eigenvalues in Egs. ( E.5), ( E.8),
( E.12), ( E.14) and ( E.17) to be smaller than 87. As a comparison to the perturbativity

bounds, we set the quartic couplings to be the benchmark values,
)\120.1, )\4:—1, )\2,3,5,6,7207 (E].g)

and check the unitarity bounds on Ag. It turns out for this specific benchmark scenario, only

the following bounds are relevant to As:
M| <87, | Ags| < 8. (E.19)
Among the four constraints, the most stringent one is from A\j,;, which leads to
As < 10.0, (E.20)

which is much weaker than the perturbativity bound discussed in Section 4.1.3.
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