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ABSTRACT

COLLIDER TESTS OF FUNDAMENTAL SYMMETRIES
AND NEUTRINO PROPERTIES

SEPTEMBER 2018

HAO-LIN LI
B.S., NANKAI UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor Michael J. Ramsey-Musolf

The CP parity of the Higgs boson and the details of the electroweak symmetry
breaking are the two crucial ingredients to understand the matter-antimatter asym-
metry in our universe. Electroweak baryogenesis is an intriguing solution to the
puzzle of this unexplained observed asymmetry because of its testability at present
and near future collider experiments. The possibilities of testing CP phase in the
Two-Higgs-Doublets Models (2HDMs) and the generation of a strong first-order elec-
troweak phase transition (SFOEWPT) in the real singlet model at the future high
luminosity LHC are studied. In addition to the specific extensions to the Standard
Model (SM), I also study the sensitivity of the future 100 TeV collider in probing
the Wilson coefficients of the dimension 6 operators related to the Higgs sector using
the effective field theory (EFT) approach. The observed non-zero neutrino mass is
another phenomenon that the SM fails to explain. The Left-Right Symmetric Model

(LRSM) proposes a natural explanation of the smallness of the neutrino mass and its

vi



connection to the high scale spontaneous parity violation. I study the prospects of
searching the heavy right-handed neutrinos and measuring the mixing between the
light and heavy neutrinos in the framework of the minimal LRSM at the future 100
TeV hadron collider.
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INTRODUCTION

The discovery of the new Higgs-like particle at the LHC [8, 58] leads us to a new
era of particle physics. The standard model (SM) physics is extremely successful
in explaining the relation between the electromagnetic and weak interactions, the
property of asymptotic freedom in the QCD, the CP violation in the meson system,
etc. Nevertheless, there are still many phenomena that the SM fails to explain. Why
are there dark matter and dark energy in our universe? Why is matter more than
antimatter in our universe? Why do neutrinos have masses? All these evidences
indicate the existence of new physics beyond the SM.

The present measurement of the baryon asymmetry of the universe (BAU) is given
by the results of the Planck experiments [16] and the Big-Ban Nucleosynthesis (BBN)
[213]:

np

Yp=— =(859+0.11) x 10" (1)
S

where ng and s are the baryon number and entropy density respectively. The elec-
troweak baryogenesis (EWBG) is one of the appealing solutions to this problem be-
cause of its testability at TeV collider experiment. The Sakharov conditions [228]
demonstrate three requirements for a successful electroweak baryogenesis: baryon
number violation, C and CP violation and the departure from the thermal equilib-
rium which may processes through a strong first order electroweak phase transition
(SFOEWPT). It is well known that the first requirement is satisfied by the elec-
troweak sphaleron process in the SM [195, 179]. However, the CP violation effect
in the SM is too feeble [132, 161, 133]Jand the Higgs mass is too heavy to produce

a SFOWEPT [47, 170]. Due to these shortcomings of the SM, new physics models



are proposed to compensate for the insufficient CP violation effect in the SM and
to make the electroweak phase transition first-order and strong. These new physics
model usually predict new particles with certain interactions with SM particles. In
this case, the LHC becomes an excellent machine to test these new physics models
by searching for new particles predicted in those models. In the meantime, one can
also combine the experimental results from both the high energy searches and the low
energy precision measurements to constrain a specific new physics model. Two of my
projects related to this topic are: studying the prospective sensitivity of the future
high luminosity LHC in constraining the CP violation in the scalar sector in Two-
Higgs-Doublet Models (2HDMs) by searching a heavy Higgs decaying to the SM-like
Higgs and a Z boson and testing the parameter space that gives the SFOEWPT in
the singlet extended SM (xSM) through searching a resonant di-Higgs signal with 4
b quark final state.

Current measurements of the newly discovered scalar particle reveal that it closely
resembles the SM Higgs boson and no significant deviation has been found [13]. There-
fore, one should try to classify the small deviations from the SM predictions in a
systematic way. The standard model effective field theory (SMEFT) provides a gen-
eral way to write down the higher dimensional non-renormalizable operators that are
consistent with the SM symmetries, which translate the small deviations from the SM
predictions into the constraints on the Wilson coefficients of those non-renormalizable
operators. In this thesis, I study the prospective constraints on the Wilson coefficients
of the dimension 6 operators that related to the modification of the di-Higgs produc-
tion rate relative to the SM by searching a non-resonant di-Higgs signal with the bby~y
final state in the future 100 TeV collider.

Neutrino oscillation experiments have confirmed that neutrinos have masses. The
origin and the smallness of neutrino masses remain as a mystery that cannot be ex-

plained by the SM. Several mechanisms have been proposed to solve this problem,



among which the seesaw mechanisms are popular candidates as it simultaneously ex-
plain the origin and smallness of neutrino masses. In different types of seesaw models,
the neutrino could be a Majorana fermion, which is closely related to the lepton num-
ber violation and can be tested by neutrinoless double-beta decay experiments (Ov3(3).
On the other hand, in a certain model, one is also possible to constrain or measure
neutrino masses at collider experiments. The Left-Right Symmetric Model is such a
model that relates the smallness of neutrino masses to the high-scale restoration of
the parity symmetry. It enables us to take advantage of highly boosted decay prod-
ucts of the heavy right-handed W5 boson in the model to scrutinize the the origin of
neutrino masses in the future 100TeV collider.

Now I will briefly summarize the results of these four projects.

In the CPV 2HDMs project discussed in Chapter 5, we base on the previous
works Ref. [163] and Ref. [61] to study the prospects of testing the CP violation
in 2HDMs with the future High-Luminosity (HL) LHC and electric dipole moment
(EDM) experiments. We point out that in the zero or small deviation from the
alignment limit, the search for a most CP even Higgs h, decaying to a Z boson and a
SM-like Higgs is directly sensitive to the magnitude of the CP violation effect in the
scalar potential. In addition, a positive result from the future collider experiments will
indicate an observation of non-zero EDMs. A positive result from EDM experiments
with a null result from the future collider will immediately falsify the CPV 2HDMs.
On the other hand, if the deviation from the alignment limit is large, then one may
not directly draw a conclusion on the CP violation from a positive collider result,
because in this case the most CP odd Higgs h3 will decay to the Zh final state even if
CP is conserved. Therefore, additional CP properties of the discovered particle need
to be investigated.

In the xSM project discussed in Chapter 6, we estimate the future sensitivity of

the HL LHC in searching a resonant heavy scalar S decaying to a pair of SM-like Higgs



with the 4b final state. Eleven benchmark points with the largest di-Higgs signal rate
and simultaneously giving a SFOEWPT are studied. We found that, comparing with
previous studies of bbrT [208], bbyy [181], 47 [181] and bbW W [160] final states at HL
LHC, the 4b final state gives comparable sensitivities with the bbyy and 47 channel
and better signal significance than bbWW'W channel for a mass of the heavy scalar less
than 500 GeV, while for the heavy scalar mass larger than 500 GeV, the 4b channel
is better than bbyy and 47 channel but is not competitive with bW W channel.

In the EFT di-Higgs project 7, we derive the Wilson coefficients of the 6 dimen-
sion six operators related to our di-Higgs study for the scalar extensions that can
generate these operators at tree level and investigate the reach of the future 100 TeV
collider on the UV parameters in each model by searching a di-Higgs signal with the
bbyy final state. We point out that for the triplet and quadruplet models, due to
the correlation between the strongly constrained Wilson coefficients of the custodial
violation operator |H'D,H|? and that of the operator (H'H)3, the modification of
the di-Higgs signal rate is not large enough to be distinguishable from the SM. We
also find that with a 30 ab™! integrated luminosity the theoretical uncertainties on
the production cross-section will be important to distinguish the new physics signal
from the SM one.

In the LRSM project discussed in Chapter 8, we study the prospects of measuring
neutrino Dirac masses by searching a resonant production of the W5 boson decaying to
a positron e™ and a lightest heavy neutrino Ny, with N; decaying purely leptonically
to et~ v. The similar purely leptonic final state has been studied in the fermion
singlet extension to the SM with Type-I seesaw in Ref. [164]. we first investigate this
channel in measuring neutrino Dirac masses in the framework of the LRSM and point
out their advantage comparing with the traditional semi-leptonic channels [118, 150].

This thesis is organized as follows. In Chapter 1, I review the electroweak sector

in the SM. In Chapter 2, I introduce the effective field theory framework which will



be used in Chapter 7. In Chapter 3, I discuss the general collider phenomenology
related to the di-Higgs production. In Chapter 4, I review several seesaw mechanisms
that generate small neutrino masses. In Chapter 5, I discuss in details the future
collider constraints on CP violation 2HDMs. In Chapter 6, I present the results for
the possibility of testing the generation of a SFOEWPT in Singlet xSM the di-Higgs
4b channel in the HL. LHC. In Chapter 7, The results of the study of the various
scalar extensions to the SM using the di-Higgs channel in the future 100TeV collider
are demonstrated. In Chapter 8, I give the detailed analysis of the reach of future

collider in constraining the Yukawa couplings between the heavy and light neutrinos

in the LRSM.



CHAPTER 1

THE ELECTROWEAK SECTOR IN THE STANDARD
MODEL

The Standard Model (SM) is a gauge theory based on the gauge group structure:
SU(3). x SU(2)L, x U(1)y. The SU(3). part describes the strong interaction between
quarks and gluon. The SU(2);, x U(1)y part describes the so-called electroweak
interaction, which is spontaneously broken to the U(1)., by Brout-Englert-Higgs
(BEH) mechanism [112, 155, 156, 157, 178]. In this chapter, I mainly focus on the
electroweak sector and discuss the details of the formulation of the theory and BEH

mechanism.

1.1 Electroweak Lagrangian
The SM includes three generations of left-handed and right-handed leptons and
quarks. They are denoted as:

i i
vy, ur,

LL = ) ) QL = ) (11)
er dy,

€rR = {63’%}7 UR = {u}%}7 dR = {dZR}7 (12>

where L; and () are doublets of the left-handed lepton and quark fields in the
fundamental representation of the SU(2);, gauge group. This is the origin of the
subscript L of the SU(2)y,. The eg, ug, and dg are right-handed fields of charged
leptons, up type quarks and down type quarks respectively. They are singlets under

the SU(2)r, gauge group. The index i represents the generation of quarks and leptons,



which ranges from 1 to 3. The left-handed and right-handed fields are defined by the
projections of the four components of the Dirac spinors ©: ¥p = (1 ++°)1. The

charge assignments for these fields are summarized in Table. 1.1.

L 1 2 -1/2
QL 3 2 1/6
R 1 1 -1

dg 3 1 -1/3

Table 1.1: Charge assignments for the SM fermion fields. For the SU(3). and SU(2)y,
the 3 and 2 represent the fundamental representations of the corresponding groups
respectively, while 1 represents the singlet representation of the corresponding groups.

The principle of gauge invariance introduces gauge fields for each symmetry group.
They are denoted as G for SU(3)., W}, for SU(2), and By, for U(1)y, where the index
a ranges from 1 to 8 and the index i ranges from 1 to 3 corresponding to the number
of the generators of SU(3) and SU(2) group respectively. Under a infinitesimal gauge

transformation, the gauge fields transform in the following way:

1
B,u — B;ﬁ—yaﬁl,
i i Lo i kg
W, — Wi+ 5@92 AL
a a 1 a aoc C
G4 = Go+ g—aue?) + fU05G, (1.3)
where 60y, 6% and 6§ are small parameters that parametrize the U(1)y, SU(2);, and
SU(3). transformations. ¢’, g and gy are the corresponding coupling constants for

each group. The €% and fo¢ are structure constants of SU(2) and SU(3) group that

satisfy:

[T7,T7) =ik T [T&, TE] = if*Te, (1.4)



where T% = 1/2 ¢ with ¢’ Pauli matrices, the generators of the SU(2) group, and T&

are Gell-Mann matrices, the generator of the SU(3) group.

Fermions transform in the following ways:

Ly
Qu
€R

UR

dr

— (L41ig'Y0: +igT703) Ly,

— (1 +ig'Yob +igTI0] + ig. TE63) Q1
— (1+ig'Y.1) er

— (L+ig'Yubs + +ig, Ta05) ur

— (L +1ig'Yaby + +ig,1203) dr,

where Y7, 9 cua are hypercharges of the U(1)y group listed in the fourth column in

Table.1.1. By introducing the covariant derivative D,,:

D, =08, —ig'Y B, —igT'W,, — ig, T&G".

(1.9)

One can find that Py = v*D,1 transforms the same way as the corresponding

fermion field.

Now we arrive at the stage to write down the Lagrangian of the kinetic terms of

the gauge fields and fermion fields.

ﬁfermion

‘Cgauge

> iy
Y=Lr,QL,eR,UR,AR

1 v 1 7 o, LV 1
—BuB" = W, W — o

Qe Qomv
4 )

4

where the field strength tensors B,,,, W}, and G%, are:

B, =

v

Wi o=

uv

G, =

v

o.B, —0,B,,

W), — W) — ge"WIWS, i, gk =1,2,3,

aﬂG?x - aVGZ - gsfachszn a, ba C= 17 ooy 8.

(1.10)

(1.11)

(1.12)
(1.13)

(1.14)



It is easy to verify that the above Lagrangian is manifestly gauge invariant. However,
the above Lagrangian cannot give rise to the masses of fermions and gauge bosons.
The inclusion of the mass term of either fermion fields and gauge fields will break
the gauge symmetry. In this sense, one needs a “mechanism” to explain the observed

non-zero masses of fermions and gauge bosons.

1.2 Brout-Englert-Higgs (BEH) mechanism

To Explain the observed masses of fermions and gauge bosons, a SU(2)y, scalar
doublet H, called “Higgs field”, is introduced. It has hypercharge Yy = 1/2 and
is a singlet under SU(3).. Now one can write down the gauge invariant Lagrangian

involving the Higgs field:

EYukawa = _YGELHQR - YuQLHUR - YdQLHdR + h.C., (115)

Liiges = (DMH)T(D#H) — V(H), (1.16)
A

V(H) = p*(H'H) + Z(HTH)Q, (1.17)

where H = io2H*, and the * represents the complex conjugate transformation and
Yeud represents general 3 X 3 complex Yukawa matrix.

Let us first focus on the Lagrangian terms purely involving the Higgs field Lgigs-
The stability restrict A > 0. If u? > 0, then the ground state of the Higgs fields is
trivially at (H) = 0. This just gives several new scalar particles and does not give
us anything interesting. However, if y? < 0, then one can find that the ground state
which minimizes the Higgs potential V (H) gives rise to:

— 2

(H'H)Y =v?/2, v= - (1.18)

where the angle bracket in the above equations represents the vacuum expectation

value (vev). The Eq. 1.18 shows that only the magnitude of the of the vacuum



expectation value of the Higgs fields is determined, the direction of the vev in the
SU(2)y, isospin space is not determined. The different vacua of the Higgs fields are
related by a SU(2);, transformation. As long as one specific a vacuum direction is
chosen by nature, a SU(2)y, transformation will no longer preserve the vacuum. We
call the symmetry is “spontaneously broken” where the Lagrangian satisfies the given
symmetry while the vacuum state does not. We can choose the vacuum of the Higgs
field to be real and in the lower component as we will see later this choice is consistent
with the definition of the U(1),, charge. In this case, we can parametrize the Higgs

doublet as

a—a 0
H = exp (2@” T ) : (1.19)
(Y v+h

V2

where the vev of h to be zero. We can use the SU(2)p, gauge transformation to absorb
three 7@ fields such that H = (0, (v + h)/+/2)". This gauge is called the unitary
gauge. We now plug H into the Lpiges, and find that the kinetic term |D,H|* will

generate the masses of the gauge bosons:

?}2

|‘DM}J|2 2 92 8

/ 2
[(Wj)“’ + (W22 + (%BM — Wj) ] : (1.20)
One found that B, and Wj’ are mixed with each other. Hence, we can diagonalize
the mass matrix with a rotation angle 6,,, and define a massless photon field A, and

a massive gauge boson field Z,:

A, = sin0, W) + cos 0, B, (1.21)
Z, = cos Hij’ —sin 6,8, (1.22)

with

10



/

tanf, = 2. (1.23)
g

The SU(2);, gauge bosons WZL transform in the adjoint representation, so the interac-

tion between the photon A, and Wﬁ are determined by the commutator:
g[A, WT'] = gsin0,W Wi[T?,T'. (1.24)
We define coupling constant for U(1)ey to be e = gsin 6, and T* = 1/y/2(T* £4T?)

with WE = 1/v2(W} £ iW?) to be charge and mass eigenstate of W boson since

(T3, T+] = £T*. Now the kinetic terms for the physical gauge bosons become:

1 1 1
Lk—g = _ZF‘L?V — ZZEW + émQZZ“Z#
1
W Wi + my WEW =, (1.25)
where
gvu vg

= =2 1.26
M7= 5 os 0., W= (1.26)
Zyw = W2, — 0,2, (1.27)
W =0.W, —o,W, (1.28)
F.=0,A,—0,A,, (1.29)

and we have the tree level relation between my and my:

mw

= , 1.30
mz cos 0, ( )

We can now write the covariant derivative in Eq. 1.9 in terms of gauge bosons mass

eigenstates:

11



D, = 0,—ieA,(T*+Y1)—ieZ,(cot0,T* — tand,Y1)
e
— i (WITT + W T7) —ig, TEG. 1.31
\/§Sil’l Qw( o o ) gsico o ( )

From the above equation, one can immediately read out the definition of the electric

charge:

Q=T+Y, (1.32)

under which the second component of the Higgs doublet is neutral and is invariant
under the U(1), transformation.

Now let us discuss the masses of fermion fields. Plugging H as its vacuum expecta-
tion value into the Lagrangian in Eq. 1.15 one can obtain the fermion mass matrices.

Here we only focus on the quark sector:

v

Lom =~

[JLYddR -+ TLLYUUR] + h.c. s (133)
where we have suppressed the flavor index. One can use a bi-unitary diagonalization
to obtain the mass eigenstates of quark fields. The idea is following, though the

Yukawa matrices Y are arbitrary 3 x 3 complex matrices, YYT are Hermitian and

have real eigenvalues. So we have:

ydydt — UdeZUdT, yuyut — UuMiUUT- (1.34)

Then we can use the singular value decomposition (SVD) to decompose Y@ and Y*:

Ve = UMK}, Y= U,M,K], (1.35)

12



where Ug,, and K, are all unitary matrices. we can now define mass eigenstates of

quarks as uj'p and df'p:
W = Uluy, ul = Klug, df = Uldy, di = K)dg. (1.36)
Now the £,_,, becomes diagonal:
Lym = —miubuly — midsdy + h.c. (1.37)

where m?’d are the diagonal elements of v/ \/§Mu7d. We have already omitted the
superscript m for each fermion spinor in the above equation and from now on all the
fermion spinors represent their mass eigenstates. Up to now, the Lagrangian has a

U(1)% symmetry parametrized by six phases ¢} and §? under which
di — ei‘sildiL, dly — ei‘sildlé, ul — ei‘siguiL, uby, — eiéfu%. (1.38)

These phases can be used to absorb the phases in the CKM matrix as we will see
below. Expanding the covariant derivative in Eq. 1.10, we find the interactions for

the neutral current and the charged current are:

2e

sin 26,
e

Ec arge = =
harged V2sin 6,

[G1(T° — sin® 0,Q) Zqr, — sin® 0,QqrZqr] + eQqAq (1.39)

Eneutral

al (W9, + h.c. (1.40)

where () and T3 are the corresponding electric charge and the weak isospin for quark
fields, V¥ is the CKM matrix defined by V = UlU,;. The indices i and j are quark
flavor indices which can be set to {1, 2,3} corresponding to {u, ¢, t} for up-type quarks
and {d, s,b} for down-type quarks. One can observe from the above equations that

neutral currents mediated by Z bosons and photons do not change the flavor of quarks

13



while charged currents have the feature of changing the quark flavors. In principle,
the CKM matrix is a complex 3 x 3 unitary matrix with nine real degrees of freedom:
3 rotation angles and 6 phases. However, when taking into account the rephasing
degrees of freedoms of six quarks, 5 complex phases can be absorbed, leaving only 3
rotation angles and 1 complex phase. It is this complex phase that triggers the CP

violation in the SM through the weak interaction.

1.3 Custodial Symmetry and Electroweak Precision Test
As one can observe from Eq. 1.30 that, at tree level, the mass ratio of W boson

to Z bosons is simply cos#,. We define the p-parameter:

2
Myy

p (1.41)

m?2 cos? 0,
At tree level py = 1 is guaranteed by a symmetry called the “Custodial Symmetry”.
To see on earth what this symmetry is, let us first focus on the terms from the Higgs

potential. If one parametrize the Higgs field linearly as:

1 hs + ih
H=—| """, (1.42)
V2 hi + ihy

then the Higgs potential V(H) becomes:

2
A

V(H) = NH'H - %)2 = SR+ B3+ B3+ - 0?), (1.43)

The Higgs potential above actually possesses a larger global SO(4) symmetry, which is

homomorphic to SU(2) x SU(2). In just a moment, we will demonstrate this two SU(2)

can be associated to the SU(2);, x SU(2)g symmetry in the zero quark mass limit in

QCD. When H gets a vev, for example, (hi) = v and (hy) = (hs) = (hy) = 0, then the

14



ground state actually still has a residual SO(3) symmetry: a 3D rotational symmetry
in the 4D Higgs field components spaces that preserve (hi) = v. Since SO(3) is
homomorphic to SU(2), it is this residual SU(2) symmetry called the Custodial SU(2).

Let us now consider the fact that the SM is a gauge theory with Yukawa interac-
tions between fermions and Higgs fields and find out what effects break the custodial
symmetry. To proceed, we write the Higgs field in terms of 2 doublets such that the

SU(2) x SU(2) symmetry in the potential is more transparent:
> = (H, ﬁl) . (1.44)
In the meantime, we define the left and right quark fields in two doublets:

ur, U
QL = T, @Qr= ‘ . (1.45)

dy, dy
The kinetic terms for the Higgs field and the Yukawa interactions for quark fields can

be written as:

2
Lir = %Tr [D,X(DFE)T] - %Tr [Zxf] - gTr boilh
1 =
——=(QrXYQr + h.c.), (1.46)

V2

where Y = diag(Y",Y?), and the covariant derivative of the ¥ field is:
D% = 9,% +igWiTY + ig' B,XT°. (1.47)

The above equations illustrate that when ¢’ = 0 and Y* = Y?, the Lagrangian obtains

a SU(2), x SU(2)g symmetry, under which:

Y — LYR', Q. — LQL, Qr — RQg. (1.48)
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After the electroweak symmetry breaking, the ¥ gets a vev: diag(v,v), which is
invariant under a SU(2)y symmetry where R = L. This is exactly the custodial
symmetry we are discussing. Meanwhile, we can easily find out the two sources of
the custodial symmetry breaking in the SM: the non-vanishing U(1)y coupling and
the fact that Y* # Y. Since Yukawa couplings are generally small in the standard
model except for the top quark, the correction to the p parameter is dominant by the
loop involving the third generation quarks. At one loop level the correction to p in
the SM is defined by Ap®™ = p — 1, which is equal to:

ApSM — Myw(0) HZZ(O)’ (1.49)

2 2
myy my

where IIyw (0) and I172(0) are the vacuum polarization functions for W and Z bosons
at zero momentum. Often, one can absorb Ap*M from the SM into the definition of
the p (p — p — Ap™M) such that by definition p = 1 in the SM.

The observable p discussed above is one of a set of parameters that measures the
level of the deviation from the SM using electroweak precision data (EWPD). Similar
to the p parameter, Peskin and Takeuchi proposed a set of oblique parameters S, T’
and U [214] to characterize deviations from the SM using the EWPD such as the
electron magnetic dipole moment, the lifetime of the muon, the Z and W pole masses

and the polarization asymmetry in the Z boson production etc.. They are defined as:

;oo L (TEO) oY _p -
= 2 2 | = : (1.50)
Qe mé, m% Qe
¢ — 4c%s? [T (m%) B ? — s 15" (m7) B e (m?%) (151)
A m? cs m2 m? ’ '
o A [ md) T (0) _ eTlghimd)  Igv(m2)]
= 2 - 2 - 2 -5, (1.52)
Qe m¥, s m m?

where ¢ = cosby,, s = sinf,, a. = a.(myz), the new in the superscripts of the II

functions represents that only new physics contributions are taken into account. In
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the SM, S =T = U = 0 by definition. The current global fit results by Gfitter
group and related details are in Ref [30]. With m; = 173GeV and m;, = 125GeV we
obtain: S =0.056£0.11, T"=0.09 £0.13 and U = 0.01 £0.11, and the 2D global fit

in the S — T plane with U a free parameter is given in Fig. 1.1. Practically, S and

l— 0-5 LI | T 1T | LI | T T TT | LI | LI | T 1T | LI T 1T LI
Fit contours for free U (SMref: M,=125 GeV, m =173 GeV)
B 68%, 95% and 99% CL for present fit

0.4
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M, = 125.14 + 0.24 GeV
m, = 173.34 + 0.91 GeV
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Figure 1.1: The 68%, 95%, and 99% confidence level contours in the T'S-plane. with
M, =125 GeV and m; = 173 GeV. The result is given by Giffter group [1]

T will generally give stronger constraints than U. Since T is equivalent with the p
parameter, it measures the level of the custodial symmetry breaking. On the other
hand, the S parameter will get corrections if a new SU(2), doublet presents in the
new physics model even if there is no new source of the custodial symmetry breaking
in it i.e. T'=0.

Oblique parameters serve as stringent constraints on the new physics model. We
will use the current experimental results mentioned above to constrain the parameter

space of new physics models in Chapter 5, 7, and 6.
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CHAPTER 2
STANDARD MODEL EFFECTIVE FIELD THEORY

Engineers building the bridge and skyscrapers do not need to know how nuclear
interact with each other, chemist do not need to know how quantum electrodynamic
works to study how organic molecules synthesize. It is interesting to notice that there
are different languages to describe the nature of the world at different scales. For
the particle physicist, this fact even becomes one of the most important philosophy
in doing research. The fact that the physics law in the large distance is usually
independent of fine details in the short distance enables us to use the “Effective Field
Theory” (EFT) approach to study the physics phenomena at a certain scale. The
words “Effective” has already illustrated the fact that the theory or the model is not
a “complete” one but instead an appropriate one. This kind of theories isolate a set
of the most important effects in the problems and are able to give accurate enough
solutions and predictions.

There are generally two categoriesof approaches for a particle physicist to use
EFT. The first one is the “top-down” EFT, it assumes that the high energy theory is
already known and the low energy EFT is derived by integrating out the heavy degrees
of freedoms. At first glance it seems that you gain nothing from this approach because
you have already known everything, why not just use the original theory to study the
problem without loss of any information but instead use an approximate one. The
reason is that in the regimes of the perturbation theory it is usually harder to compute
the physical observables from the full theory, while the EFT approach gives you a

convenient way to organize your calculation. One example of this usage is the QCD
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correction to the weak interaction at the low energy scale. [136, 130, 23] Another
situation that one needs a “top-down” EFT is that you have a strong dynamics is
present in the full theory at the low energy scale, and you are not able to use the
degrees of freedom in the full theory to compute low energy observables perturbatively.
In this case it is easier to use the EFT with new degrees of freedom, usually the
composite states, in the low energy regime to give predictive results. The example
for this is the chiral perturbation theory. [194]

The second one is “bottom-up” EFT, this is a more intuitive way to use EFT,
it assumes that the UV completion is unknown, the only information accessible is
the low energy degrees of freedom and symmetries. In this sense, whatever UV
completions exist, they must obey the same symmetries and have the same effective
degrees of freedom in the low energy. Hence, I can systematically parametrize the
UV effects by writing down non-renormalizable terms in the Lagrangian with the low
energy degrees of freedom that satisfy the observed low energy symmetries. These
non-renormalizable Lagrangian terms are classified by the order of suppression of the
scales of the high energy theory and the number of loops in the diagrams that generate
certain terms. The example for this is the SM EFT. [52, 147, 137, 145, 151]

In this chapter, I will first discuss the general idea of the effective field theory
including the concepts of running and matching, then introduce a specific form of
effective field theory, the standard model effective field theory (SMEFT) that will be

used in Chapter 5, 7, and 6.

2.1 EFT: General Idea

First of all, I explain the meaning of the “Integrated out” and the processes of
matching and running. I start with a UV theory containing heavy degrees of freedom
x with mass scale M and the light degrees of freedom ¢. In a mass independent

renormalization scheme, formally, the matching at the renormalization scale u = M
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means equating the effective action of the effective field theory without the heavy
degrees of freedom y to the effective action of the full theory with the path integral

of the heavy degrees of freedom completed:
eWSerldl — /DxeiS[aﬁ,x}’ (2.1)

I can proceed with this formal path integral by expanding the heavy field x around

its classical solution:

oS
X =Xc+1n with =0, (2.2)
OXe

where 7 is the quantum fluctuation around the classical solution and 65/dx. = 0 is
just the classical equation of motion (EOM) of the field x. Now I can perform the

path integral:

GiSersloln  _ / Dye!Slonl(

_ /Dnei(smxcHéngEnJﬁ-J

' 52S 1/2
= const x eloxe [det <—W)} : (2.3)

The ... represents higher order expansions, and one can identify that:

Sugrlelln = 20) = Sio @l =M + STviog (£5 ) 4 (2

The first term on the right-hand side is the tree level matching. It represents to
replace the field x in the original Lagrangian with the solution of the classical EOM
of x in terms of the field ¢. The second term on the right-hand side corresponds to
the one-loop correction. The details of the treatment of these matching procedure in

practice can be found in Ref. [151].
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After this formal “Integrate out” procedure one can obtain nonlocal expressions
for the effective Lagrangian. The idea follows is expanding these nonlocal terms in the
momentum space of the order p/M and truncating them to any finite order to obtain
the local Lagrangian. In this sense, one can express the local effective Lagrangian at

the renormalization scale p = M as:

Logs(M) = Lral (M) + 3 ~agei(M)O, (25)

where the L£p,[¢](M) represents the terms in the original UV Lagrangian that only
contain the field ¢ i.e. the kinetic terms of ¢ and the interaction terms only involving
¢, d; is the dimension of the operator O;, ¢;(M) is the Wilson coefficient related to
the corresponding operator at the renormalization scale 4 = M. In my thesis, I only
utilize the tree level matching piece.

As one can see from Eq.2.3 and 2.4, the matching is performed at the scale of the
heavy particle mass. If one would like to compute observables at some lower scale, one
may need to take into account the renormalization group equation (RGE) correction
and run the Wilson coefficients to the lower scale to resum the large logarithm effect.

At one loop level, The RGE equations are generally written as:

dei(p) 1
— PV 9.
dlog Z 1672 11 (26)

)

where «;; is the matrix of anomalous dimension. Whether to perform the RGE
correction strongly depends on the scale of the new physics and the level of precision
that the calculation needed. For example, one matches the SM EFT at GUT scale
and try to calculate the electroweak precision observable near the Z boson mass scale,
then one would need to investigate the RGE corrections carefully. If one assumes the
new physics scale is around several TeV, then in general one only needs to consider

the RGE corrections for ¢; originated from c¢; if ¢; is not generated at tree level and
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c; is generated at tree level. [151] Theoretically, the RGE running is a consecutive

matching procedure from the scale pu to u — dpu.

2.2 The SM EFT

In this section, I introduce a specific type of EF'T which I will use in the Chapter. 5
and 7, the SM EFT. I will introduce a complete set of dimension six operators that
satisfy the SM gauge symmetries and assuming no lepton and baryon number viola-
tion (the only dimension five operator turns out to be lepton number violation and
generates Majorana masses for neutrinos). Historically, a complete set of dimension
six operators that obey the SM symmetry was first lists in Ref. [52] where there are
80 operators. However, Ref. [145] pointed out that only 59 of them are independent,
the rest of them can be translated into these 59 by integrating by parts, equation of
motions and group identities. This is the first time that people find out a complete
basis of dimension six operators without redundancy in the SM EFT, and we call
this basis the “Warsaw basis”. Several other complete bases are introduced for cer-
tain phenomenological concerns, one of the popular basis is “SILH” [109, 110] which
concerns the UV completion involving a strong dynamics while the low energy theory
still respects linearly realized EW symmetry. Another popular basis is “HISZ” [148],
which maximizes the use of the bosonic operators.

In the “Warsaw basis”, there are 10 categories of the operators:

1. X3, the operators contain three gauge field strength tensors

Qo [™Graray (2.7)
Qg [f™GaurGhGe (2.8)
Qw e WIWIPW (2.9)
Q IFWFWirWwhe (2.10)
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2. ¢% and ¢*D?, the operators only contain Higgs doublet.

Qw (SOTSO)?)
Qoo (Plo)Olele)

Qep (¢ D) (D)

3. 123, the operators contain 2 fermions and 3 Higgs doublets

Qe (70)(lperep)
Quep (SOTSO) (ijuT@)

Qap  (©T0)(Gpdrp)

(2.11)
(2.12)

(2.13)

(2.14)
(2.15)

(2.16)

4. X2p? the operators contain 2 gauge field strength tensors and 2 Higgs doublets

Quc
Q¢
Qow
Qi
Qpn
Q5
Qewn

ngWB

plo Gr, G
plo Ga,GA
Qo Wi Wik
Pl WL Wi
0" By, B"
' B, B"
plalp Wi, B

plolp Wi, B

(2.17)
(2.18)
(2.19)
(2.20)
(2.21)
(2.22)
(2.23)

(2.24)

5. 12X g, the operators contain 2 fermion fields, 1 Gauge field and 1 Higgs doublet.
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Qew (l_pUW@r)UIQDW;{u
Qs (l,o"e,) B,

Qua (o™ T u )9 Gy,
Quw (30" ur)a'G W,
Qus (30" u )9 By

Qac (o™ Td,)p GY,
Qaw (G0 d,)a' oW},

QdB (ijauydr%p B;w

(2.25)
(2.26)
(2.27)
(2.28)
(2.29)
(2.30)
(2.31)

(2.32)

6. 12¢2D, the operators contain 2 fermion fields, 2 Higgs doublets and 1 covariant

derivative.

W (gliD, @) (I,
sz (" Dy o) (L)
<> _
QY (¢1iD! o) (Go' M)
<>
Qwe (@TiDu ‘P)(ép7uer>
W (oD )G
Qus ("D, o) (@ )
W (oD )G
Qus (iDL o) (@ )
<>
QY (¢'iDI ) (G0 )
<>
Qwu (QDTiDu gp)(ﬂpvl‘uT)
<> _
ngd (@TiDu @) (dzﬁudr)

Qcpud Z(QTDHQO)(QPVHCZT)

(2.33)
(2.34)
(2.35)
(2.36)
(2.37)
(2.38)
(2.39)
(2.40)
(2.41)

(2.42)

7. (LL)(LL), the four fermion operators that only involving the left handed fields.
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Qll
Qud
o
Qi
Q

(lp'Vulr)(ls'Vult)
((.YP’VMQT) (st’yu(h)
(ij’}/,uOJQT) (CYS'V”UIQQ

(LpYulr) (@57 qr)

([pVMUIlr) ((jsfyuUIQt)

(2.43)
(2.44)
(2.45)
(2.46)

(2.47)

8. (RR)(RR), the four fermion operators that only involving the right handed

fields.

Que
Qua
Qua
Qu
Qua
o

(8)
Qud

(Epyuer)(Esyter)

() (s uy)

(dpvudy)(dsy*dy)

(epyuer) (Usy uy)
(ép'}/uer) (JSVMdt)

(ap7uur) (dsfyudt)

(ﬂp'VuTaur) (dS'VMTadt)

(2.48)
(2.49)
(2.50)
(2.51)
(2.52)
(2.53)

(2.54)

9. (LL)(RR), the four fermion operators with right handed and the left handed

vector currents.
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Qe (lp%Llr)(ésV#@t) (2-55)

Qu (Lpyule) (@ ue) (2.56)
Q. (Lyyule)(dsydy) (2.57)
Qe (G 1ugr)(Es7"er) (2.58)
QW (@uar) (T uy) (2.59)
QW (@ Tq) (@A T ;) (2.60)
Qb (@) (deydy) (2.61)
QW (G Teq,)(dy" T dy). (2.62)

10. (LR)(LR) and (LR)(RL) the four fermion operators with the scalar and tensor

interactions.

Qiedq (Le)(dsq) (2.63)
Qf;}qd (@ur)eji(qdy) (2.64)
Qéi)qd (@ Ty )ejr(GETdy) (2.65)
Ql(iq)u (Ber)ejn(Thue) (2.66)
QY. (Howe)e(@o™u,) . (2.67)

For the covariant derivatives with double arrow, we define:

ngiB“ o =il (Du - Bﬂ> ¢ and goTiBL{ o =o' <O’IDM - BMO'I> ¢, (2.68)
where the index I associated with o is the index of the SU(2) generators, the index a
associated with 7" is the index of the SU(3) generators, the indices prst are the flavor
indices of the corresponding fermion fields, the ¢ and [ are the left-handed quark and
lepton doublets, e, d, u are the right-handed singlets of leptons, up type and down

type quarks.
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In the Chapter 5, we will use the operator in Eq. 2.8 which gives the Weinberg three
Gluon operator, and the operators in Eq. 2.25-Eq. 2.32 that generate quark chromo
electric dipole moments and ordinary fermion electric dipole moments to study the
constraint on the CPV2HDM parameter space from low energy EDM experiments. In
the Chapter 7, I will estimate the sensitivity of the di-Higgs channel in the future 100
TeV collider to the Wilson coefficients of the operators in Eq. 2.11-Eq. 2.16 generated

from different scalar extensions to the SM.
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CHAPTER 3
DIHIGGS PRODUCTION IN PP COLLIDER

The Higgs pair production channel is one of the most important channels to test
the Higgs mechanism and the electroweak symmetry breaking in the SM at proton-
proton colliders. One of the reasons this channel is so interesting is that it is sensitive
to the trilinear Higgs coupling at tree level. In the meantime, this channel also
provides a portal to study various beyond standard model physics. A recent review
of the di-Higgs search at the LHC and beyond can be found in Ref. [245]. In this

chapter, we will first discuss the influence of BSM physics to this channel.

3.1 Di-Higgs production in the SM

In the SM, one can expand the Higgs potential in Eq. 1.17 in the unitary gauge
in terms of the Higgs mass and the vev of the Higgs field:

V(h)=Vy+ %m,%fﬁ + ;n—j;vh?’ + ;n—?éh‘*. (3.1)

One can find that the trilinear Higgs coupling Ay gy is determined by the Higgs mass
and vev, which is a unique feature of the spontaneous electroweak symmetry breaking
in the SM.

The di-Higgs production in the SM at pp collider is dominant by the gluon fusion
mode [32]. Two Feynman diagrams related to this production are shown in Fig. 3.1.
The loop is dominant by the top quark contribution, and the sub-dominant contri-

bution from the bottom quark gives about 1% correction. Loops with other light
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(a) Triangle diagram (b) Box diagram

Figure 3.1: Feynman diagrams for di-Higgs production in SM

fermions are suppressed by their small Yukawa couplings. The amplitude of these

two diagrams can be written as:

Grags0® 3mi; v v
My = —Weu(pl)%(m){(g_m%[FA-FFD A" +GpB" |, (3.2)

where a; is the strong coupling constant, G is the Fermi constant, €,(p1) and €, (p2)
are the wave functions of the gluon field, § is the center of mass energy of the gluon
system, a and b are the SU(3)¢ indices in the adjoint representation, the Fa, Fry and
Gp are loop functions that can be found in Ref. [215]. The Lorentz structures A*

and B* are defined as:

VoM

AR — g#V_M7 (3.3)
P1 - D2

wo o, DADYDH 2py-pspipk 2p1 - psphpy | 2phDph

BY = g"+ = - — - — + —5—. (3.4)
Prp1 - D2 Prpb1 - D2 DPrp1 - P2 Y2

Taking into account the relations:

A AP = B, B =2 A, B" =0, (3.5)

the amplitude square after summing over the final states and averaging over the initial

states is given by:

Fn + Fp

— 2 3m?
|M|hh = ~ h2

1
4 64 82 —

s G
h

2 + |GD|2> . (3.6)
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In the above equation, the first factor 1/4 is coming from the spin average of the two
incoming gluons, the second factor 1/64 is coming from the color average of the two
incoming gluons, the third factor 8 is coming from the contraction of two 6%, the
fourth factor 2 is coming from the contraction of the Lorentz structures A and B.
Now let us take a closer look at each term inside the bracket in Eq. 3.6. In the

heavy quark limit, the form factors have the following scaling properties:

Fp = § + O(8/m7) (3.7)
Fn= —§ + O(5/m?) (3.8)
Go = O(3/m?). (3.9)

Therefore, the value in the parenthesis in Eq. 3.6 is mainly determined by the values
of FA and F5 when the center of mass energy is small. Another important feature
is that the signs of Fa and Fp are different, which leads to the cancellation effect.
This is exactly the origin of the difficulties of the observation of the di-Higgs signal
if the SM is true. However, this cancellation effect also provides a good chance to
discover the new physics that can significantly change the interference structure of
the di-Higgs production amplitude.

Fig. 3.2a shows the contributions from each pieces inside the bracket in the Eq. 3.6
when the center of mass scattering angle = 7/2. The blue and green curves represent
the real and imaginary parts of %FA, the red and magenta curves show the real
and imaginary parts of Fp, the purple and yellow curves show the real and imaginary
parts of G, the cyan and brown curves represent the real and imaginary parts of
the addition of F; and Fa terms, the black curve represents the module square of
the total amplitude. The horizontal axis represents the value of the invariant mass
of the di-Higgs system i.e., s. The vertical axis represents the numerical value of the

corresponding quantities. Numerically, one can find that the amplitude of the di-
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Higgs process is dominant by Re[Fp] in the relatively lower di-Higgs invariant mass
region (My, < 500GeV) and by Im[F{| in the higher di-Higgs invariant mass region
(Mpy 2 500GeV). The cancellation effect mainly comes from the addition of Re[Fp]
and Re[FA] in the low di-Higgs invariant mass region. The strongest cancellation
happens when the trilinear Higgs coupling is 2.45 times its SM value, Appp = 2.45 57,
the corresponding contributions of each term in this case can be seen in Fig. 3.2b.

After obtaining the amplitude, one can calculate the parton level differential cross-
section in the center of mass frame of the incoming gluon system:

dé 27 2 I —

2
= — M
dcosf 2E,2F|v, — vy| (27)44E,,, 2 (M,

GZa2\/(2m2 — 8) — 4m} (

3m?
" Fa + Fh
§—m?

2
2
1024(2m)3 * 160 ) - (810)

where E,; are the energy of the incoming gluons, [p.| is the magnitude of the three
momentum of the out-going Higgs. The factor 1/2 in front of the Whh in the first
line comes from the nature of two identical particles in the final state. Usually in the
literature one would convert the dependence on @ to the dependence on ¢ which is

defined by £ = (p, + p.)?. The relation between § and # is:

. 1
t = (pa +pe)* =mj — 5(5—0059\/3(3—4771%)), (3.11)

with the definition of 8 in Fig. 3.3. Then the partonic differential cross-section with

respect to ¢ can be written as:

3m?
L Fn + F

do(3)  Gra?
i 512(2n)3

+ yGDF) . (3.12)

The partonic cross-section for a given partonic center of mass energy § is given by

integrating with dt:
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Standard Model di-Higgs Amplitude
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Figure 3.2: The contribution of the each terms in the parentheis in the Eq. 3.6. The
color scheme is denoted in legend on the right of the plots. The upper plot shows the
SM case. The lower plot represents the case where A, = 2.45\gr, which gives the
strongest cancellation in the production cross-section.
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Figure 3.3: The definition of the kinematic variables in the gluon fusion di-Higgs
production process.

i .
mazx Ad
5(35) = / di ‘;(;). (3.13)

tmin

To obtain the cross-section in the pp collider, one need to convolute the partonic

cross-section with the parton luminosity [222]:

1
o(pp — hh) = / dr %6(7) with 7=3§/s (3.14)

T0

where 7 is the ratio of the partonic center of mass energy and the proton center of

mass energy, and the parton luminosity for gluons in proton ds% is defined by:

dL Pl
= /T da — [P (x, ) 17 (7 /), (3.15)

where f?(z, pu) is the parton distribution function of gluon with factorization scale y,
which characterize the probability of finding a gluon with an energy fraction of \/x
with respect to the proton energy. Fig. 3.4 shows the parton luminosity of two gluons
for different center of mass energy of the proton proton beam [222] using CTEQG6L1

leading order parton distribution function [220]. The production cross-section for
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Figure 3.4: The typical gluon-gluon parton luminosity in the pp system with different
center of mass energies.

the di-Higgs channel in the pp collider as a function of the rescaled trilinear Higgs
couplings is shown in the Fig. 3.5 in Ref [35]. The NNLO K-factor is defined by the
ratio between the NNLO cross-section and LO cross-section [101, 94, 140].

In the meantime, various combinations of the final states of di-Higgs decay prod-
ucts also have been investigated both theoretically (bbr7 [104, 208, bbWW [211],
bby~y [32, 40], bbbb [119, 183] ) and experimentally [11, 203]. The decay branch-
ing ratios of the Higgs pair with different combinations of final states are shown in
Fig. 3.6.[203]. As one can see from Fig. 3.6, the bbbb final state has the largest branch-

ing ratio. However, this channel also suffers from extensive multi-jet backgrounds,
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Figure 3.5: The production cross-section as a function of the rescaled tri-Higgs cou-
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Figure 3.6: Decay Branching ratios for different final states. Image obtained from
Ref. [203].
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which will significantly reduce the signal sensitivity. The most sensitive channel turns
out to be bbyy, which uses one Higgs decaying to two b quarks to enhance the total
signal rate, and simultaneously takes advantage of the very well reconstructed Higgs

mass from the Higgs to di-photon decay to eliminate majority of backgrounds.

3.2 Di-Higgs production Beyond SM

Beyond the SM, there are various ways to modify the di-Higgs production cross-
section in the pp collider. We will discuss two scenarios. Firstly, the correction
is dominated by the resonant production of new scalar particles; secondly, the new
resonance is too heavy to produce in the collider, and the corrections are induced by
the modification of various couplings and the diagrams with new topologies.

In Chapter 6, we will use the result for the resonant production to study the
process pp — S — hh in the singlet model, where S is the heavy Higgs. In Chapter 7,
we will use the result for the non-resonant production to estimate the reach of the

future 100 TeV collider in testing different scalar extensions in the SMEFT framework.

3.2.1 resonant production

New scalars in the physics models can enhance the di-Higgs signal when the in-
variant mass of the di-Higgs system is near one of new scalar masses provided that
this new scalar interacts with the SM Higgs and is heavier than two times of the SM
Higgs mass. Lots of scalar extensions to the SM can provide this kind of signature,
for example, the xSM [104] and 2HDMs [208]. Regarding to the di-Higgs decay final
states, the bbWW [160] and bbbb channels are believed to be most sensitive to the
LHC search for a relatively larger resonance mass (roughly larger than 500 GeV)
due to the advantage of the resonant peak, while for the smaller resonance mass
bby~y [160] is still the most sensitive channel. With the narrow width approximation

(I's/mg < 0.1), the signal rate of the resonant di-Higgs production process can be
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written as the multiplication of the production cross-section of the heavy scalar and

the decay branching ratio of the heavy scalar to di-Higgs:

olpp = S — hh) =o(pp — S) - Br(S — hh). (3.16)

The leading order production cross-section of the heavy Higgs through the gluon

fusion can be expressed as:

. e 2 e
olpp = S)ro = /dTJ(gg — o djg = SmSFLO(H — gg)Wg?‘:. (3.17)

This is based on the Breit-Wigner form of the scalar propagator in the limit of zero-

width [102]:

li 1 §Fs/m5
1im —
rs—0 7 (§ —m%)? + (8Tg/mg)?

= §(5 — mg) (3.18)

3.2.2 non-resonant production

Now let us discuss the non-resonant production. This is usually studied in the
EFT framework where the mass of the heavy scalar is so high such that it cannot
be efficiently produced on the pp collider due to the suppressed parton luminosity at
the high center of mass energy regime. In this case, people usually parametrize the
dependence of the di-Higgs production in the gluon fusion mode with the modification
of the relevant Higgs couplings. Meanwhile, new types of Feynman diagrams can also
be induced. In Fig. 3.7, I list all the topologies of Feynman diagrams that can produce
the di-Higgs signal via the gluon fusion and symbol in the red dots the rescaled new
couplings related to each vertex. These couplings are defined with the following

Lagrangian:

_ h h? s vt vasiw h 1 hA? m3 3
ﬁgghh = —mttt (th; + "QQtF) + 127TGW/G ,u (Iig; - §I€2gﬁ) - K})\ﬁvh (319)
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Figure 3.7: The topologies of the Feynman diagrams that related to the di-Higgs
production in the gluon fusion mode. The red dots represent the rescaled couplings
of those vertices.
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In this case, the averaged amplitude for the di-Higgs production can be expressed as:

— 9 G?.a25? 3m? Kk Uiy 3M3ky ko |

M _ Tr%s h'vt 92 )a 2F “vg h _ 2g G 2 ]

Ml = Jo82 U(é—mi + ’{2'5) A N s A +1Gol
(3.20)
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CHAPTER 4
NEUTRINO MASS AND SEASAW MECHANISM

The neutrino oscillation experiments Super-Kamiokande [128], SNO [18, 17] and
KamLAND [108] have confirmed that neutrinos are massive. However, in the SM, the
nonexistence of the right-handed neutrino renders no neutrino mass can be generated
at renormalizable level. Therefore, the extension must be needed to generate the
neutrino masses. Since the neutrinos are not charged under U(1)e,, two types of
mass terms can be written down. One possibility is that the neutrinos are Dirac

fermions and have Dirac mass terms in the form:

Eu—mass - mu,iDL,iVR,i + h.c.. (41)

In this case, a set of right-handed neutrinos must be introduced. It is likely that the
set of right-handed neutrinos that are completely neutral under the SM gauge group
actually exist in nature, but they have not been observed due to their negligible
interactions with ordinary matters. Once right-handed neutrinos are introduced, one
can write down the gauge invariant Yukawa interactions involving them like their

counterparts in the quark sector involving the right-handed up type quarks:

Ly yukawa = =YL, Hvg + h.c., (4.2)

where we have suppressed the indices for the lepton flavor. After diagonalizing the

mass matrix for neutrinos one obtains the relation between the Yukawa couplings and
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neutrinos mass: Y ~ m, /v. However, taking into account the fact that the current
upper bound on the sum of the three neutrino masses is around 0.1 to 0.2 eV [210, 99,
98, 85, 138] from the standard cosmology and the observation from the Planck CMB
experiment [16], one finds that the Yukawa coupling Y is exceptionally small compare

to other charged fermions in the SM as one can see from Fig. 4.1. Therefore, various

de se Dpe

(large angle MSW) ure ce re
VeV, 8V3 ce Le Te
Lol ol coond ool ol o ol o ok o ol ol o o oo oo
T R R
< < < < < <

Figure 4.1: The masses of the SM fermions in log scale [153], one can see that neutrinos
are relatively isolated in the mass spectrum compared with other charged fermions.

theories are proposed to explain the smallness of neutrino masses. This naturally
leads us to consider the possibilities that neutrinos are Majorana particles. Ettore
Majorana in 1937 proposed a mathematical way to describe the particles that are
their own antiparticles [190]. In terms of the four components spinor this relation can

be written as:
¥ = where, Y = CYT. (4.3)
C' is the charge conjugation operator for the four components spinor, in the Weyl

representation it can be express as C' = iv?y°, where 7 is Dirac matrices. With this

definition one can write down the mass terms in the following forms:

mr MR ——
‘CV—Majorana = = 2 VE,Z’VL,Z' - TV]C{J’VR,Z' + h.C., (44)

41



where the factor 1/2 is added to ensure that the parameter m /g, can be interpreted
as the mass of the particle in the equation of motion. Within the SM, the Majorana
mass related to the left-handed neutrino cannot be generated at the renormalizable
level since the vy is charged under the SM gauge group. The lowest dimensional
operator that obeys the SM symmetry and gives rise to the Majorana mass for the

vy, is the Weinberg operator [240]:

cY

0 L HATLS (4.5)

where the i, j are the flavor indices, H is defined below Eq. 1.17, the A characterize
the heavy new physics scale that accounts for the generation of the Majorana mass,
¢ are the corresponding Wilson coefficients.

One of the greatest difference between the Majorana neutrino and the Dirac neu-
trino is that the Majorana mass terms violate the lepton number L in low energy
experiments while the Dirac mass terms do not!. Hence, the experiment searching
for the lepton number violation is helpful to determine the nature of the neutrinos.
Neutrinoless double beta decay (5/50v), the idea introduced by Wendell Furry [129],
is one of the most sensitive ways to test lepton violation, see Ref. [97, 221] for re-
views. Another important difference between the Majorana neutrino and the Dirac
neutrino is that the number of CP phases in the PMNS matrix [191, 217] in the lep-
tonic charged current interaction is different. The interaction of the charged current

involving the W boson is given by:

ﬁl,V = _ZLWUPMNSVL -+ h.c. (46)

n the SM, L is violated by global electroweak anomalies with B — L exactly conserved. While
at the temperature much lower than the electroweak scale v, the violation of L is negligible, see
Ref. [111] an estimation of SM lepton number violation process in pp collider
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The reason for the difference of the number of CP phases is that the Majorana mass
term, miC1 is not invariant under the rephasing ¢ — €*1). So the rephasing degrees
of freedom only come from the charged leptons, which leaves 3 CP phases in the
Upmns-

Three types of “Seesaw” mechanism can generate the Weinberg operator in Eq. 4.5

at tree level.

e Type-I seesaw: SM + heavy singlet fermions

The type-1 seesaw [198, 134, 243, 200] generates the Weinberg operator by in-
troducing singlet fermions. One example is the right-handed neutrino vg. In
this case, aside from the Yukawa interactions with the SM leptons and Higgs
doublet, a Majorana mass terms for the right-handed neutrinos 1/ 2mREVR7Z-
can be written down without violating the SM symmetry. The Feynman dia-
gram in Fig. 4.2a will generate the Weinberg operators. One can read off from
the diagram that ¢/A ~ Y?/mp, where c is the Wilson coefficient in the Eq. 4.5

and we have suppressed the flavor indices. If we impose the relation:

e, (4.7)

then we will get the scale of the right-handed neutrino mass as mg ~ Y2 x 10
GeV, where we have taken the typical light neutrino mass as 10~ eV. The
phenomenology related to the Type-I model is limited because the right-handed
neutrino can only be probed through the Yukawa interaction. An enhancement
in the Yukawa coupling Y, will generally increase the mass of the right-handed

neutrino, i.e. make it harder to be produced in experiments.

o Type-II see saw: SM + triplet scalars.
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The type-II seesaw [189, 229, 185] generates neutrino masses with the help of a

SU(2), triplet with hypercharge Y = 2. The Yukawa interaction

Ya, LLALLY, (4.8)

combined with the scalar coupling

will generate the Weinberg operator through the diagram in Fig. 4.2b. One can

read off the Wilson coefficient:

c/N~Yu/M3. (4.10)

Similarly the above relation translates into the scale of the mass of the triplet:
Ma ~ 107 x \/EGeV, where p is in the unit of GeV. If one chooses pu
small enough (O(107* GeV)) as it is a free parameter, then one can obtain
a relatively small triplet mass Ma (O(TeV)) with a relatively large Yukawa
coupling Ya, (for example O(107?)), which in principle can be tested at the
near future collider. Moreover, the triplet scalar also contains a doubly charged
particle A™* which will decay to a pair of same sign leptons serving as a unique

signature in the collider searches.

Type-III seesaw: SM + triplet fermions.

The type-I1I seesaw [123, 187, 244] introduces a SU(2), triplet fermion ¥ with
zero hypercharge. In this case, the mass of the triplet fermion scale as: my ~
Y2 x 101 GeV which is similar to the case of the Type-I. Regarding to the

phenomenology, the triplet fermion decays to the W (Z) bosons with leptons

44



will provide a unique signature in the collider experiments. See Ref. [131, 121]

for detailed discussions.

AN 7/
AN /
N N M p /
N H H/ s Y N {I H,-
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yvt — v | v N R Ve
!
Lp Ly Y, m
A
(a) Type-I Ly N\ (c) Type-III
(b) Type-1I

Figure 4.2: Feynman diagrams that generate the Weinberg operator in three types of
seesaw model.

Apart from the three types of seasaw mechanism discussed above, there are other
types of seasaw mechanism that can also explain the smallness of the neutrino masses
naturally e.g. the inverse seasaw mechanism [199]. Another approach to explain the
smallness of the neutrino mass is to generate them through loops e.g. Zee model [244]
which is naturally suppressed by the quantum effect. One can refer to Ref. [188, 238]

for more detailed discussions.

45



CHAPTER 5
CP VIOLATION 2HDMS

With the discovery of the Higgs-like boson at the LHC [8, 58], the remaining parti-
cle predicted by the Standard Model (SM) has been found. Up to now, the measured
properties of this new resonance show no significant deviation from the SM predic-
tions. Nevertheless, the new boson could reside in a larger structure with an extended
scalar sector that incorporates the SM. The possibilities for such extended scalar sec-
tors abound. Among the most widely considered and theoretically well-motivated are
Two Higgs Doublet Models (2HDMs). Even with the rather minimal introduction
of a second SU(2),, scalar doublet, the possible phenomenological consequences of
2HDMs are rich and diverse. The possibility of new sources of CP-violation is one of
the most interesting but, perhaps, less extensively studied.

Explaining the cosmic matter and anti-matter asymmetry requires the existence
of additional CP-violation (CPV) beyond that of the SM. Electroweak Baryogenesis
(EWBG) is one of the most compelling solutions to this problem [239, 68, 202].
EWBG fulfills the Sakharov conditions for successful baryogenesis [228] (B violation,
out-of-equilibrium dynamics, and both C and CP-violation) through B + L violating
sphaleron transitions, a strong first order electroweak phase transition that proceeds
through bubble nucleation, and CPV interactions at the bubble wall. While the
SM would in principle provide these ingredients, it is known that the CPV effects
generated by the Cabibbo-Kobayashi-Maskawa matrix and QCD 6 term are too feeble
and that the SM-like Higgs scalar is too heavy for a strongly first order electroweak

phase transition [169, 84, 227].
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The 2HDMs provide possible solutions to these shortcomings. The viability of a
strong first order electroweak phase transition and the favored parameter space of the
2HDMs have been studied in Refs. [107, 127, 69]. In the CPV sector, the LHC has
already excluded the new boson as a pure CP odd scalar at 99.98% CL and 97.8%
CL in Ref. [172] and Ref. [4] respectively.

If the boson is a part of the 2HDM, it could nevertheless receive a small CP-
odd admixture from CP-violating terms in the scalar potential. This possibility for
2HDM CP-violation is strongly bounded by the non-observation of permanent electric
dipole moments (EDMs) of the neutron, electron, and diamagnetic atoms, including
mercury and radium [38, 33, 144, 184], as analyzed recently in Refs. [163, 234, 44,
242, 168]. The authors of Refs. [61, 43, 19, 63, 70] also pointed out that LHC searches
for additional, heavy scalars can be complementary to EDM searches, especially in
regions of 2HDM parameter space where strong cancellations between Barr-Zee EDM
diagrams occur. Nonetheless, there exists a window for sufficient CPV to generate
the matter-antimatter asymmetry, as shown in Ref. [105].

In what follows, we analyze the prospects for future LHC probes of the CPV
2HDM, building on the previous studies in Ref. [163] and Ref. [61], where EDMs
constraints and 8 TeV LHC results in CPV 2HDMs are analyzed in detail. We
adopt the framework of CPV 2HDMSs with a softly-broken Z; symmetry to avoid a
problematic tree level flavor changing neutral currents (FCNCs). We consider future
LHC searches for a heavy Higgs of mixed CP (denoted h;—s3) which decays to a Z
boson and a SM-like Higgs (h;), and obtain the prospective reach for Run II and the
high luminosity phase (HL-LHC). We concentrate on the [Ibb final state, where the
Z boson decays to a pair of leptons (e or u), and the SM-like Higgs decays to a pair
of b quarks, because it is one of the most sensitive channels and because the final
state particles allow for a relatively high reconstruction efficiency. We first follow the

cut-based analysis procedure described in Ref. [10] to reproduce the ATLAS 8 TeV
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results and validate our Monte Carlo signal and background generation, then use the
Boosted Decision Tree (BDT) [126] method to obtain the 95% CLs exclusion limit
for future 14 TeV experiments with integrated luminosities equal to 300 fb~!, and
3000 fb~!, respectively. We subsequently translate the prospective exclusion limits
into constraints on the parameter space, and find that a large portion of parameter
space can be tested with both future LHC and EDMs experiments.

From the global fit of Higgs coupling measurements [72, 71], one find that the
current data favor the 2HDMs to be close to the alignment limit: 8 — a = 7/2 where
a and [ are defined in Sec. 5.1.2 and Sec. 5.1.1 respectively.

In this chapter, I will first introduce the theoretical framework we used for CP
violation 2HDMS in Sec. 6.1. In Sec. 5.2, we show the analytical formulas used to
derive constraints on the parameter space. In Sec. 5.3 we describe details of our
simulation and analyses. In Sec. 5.4, we exhibit future LHC constraints and discuss
possible issues arising from the interference between the resonant and non-resonant
diagrams. The distributions of kinematic variables used in BDT analysis and the

formulas for two-body decay rates of heavy Higgses are given in Appendix.

5.1 CPV 2HDM Model Description
In this section, we describe details of the CPV 2HDM framework that will be used

in the following discussions.

5.1.1 General 2HDM Scalar Potential
The most general 2HDM scalar potential containing two Higgs doublets ¢, and

¢o can be expressed in the following form:
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~3 [mh6ton + (mia(olon) + ) + mi(ion)

L1007 + T2 01020 + Xs(0100)(610) + Ma(l0a) (6h61)
+% [Xa(@]02)? + Mo(902) (6161) + Ar(0]62)(0hen) + hc.| . (5.1)

V(¢1,¢2) =

Two fields ¢; and ¢5 can be expressed as

Hy Hy
01 = , Oy = (5.2)

(o1 + HY +iA7) T5(v2 + HY +1iA3)

with in general v; and ve complex and v = \/m = 246 GeV. We also
denote that tanf = |vs|/|v1]. One can always perform a SU(2), x U(1l)y gauge
transformation to go into a basis where v; is real while vy = |v|e’ is still complex.

To guarantee that there are no FCNCs at tree level, one can assign Zs charges
to the two Higgs doublets as well as the fermion fields such that each fermion can
only couple to one of the Higgs doublets. Depending on the transformation of the
fermion fields under the Z5 symmetry, there can be various types of 2HDMs that we
will introduce in Sec. 5.1.3. The Z, symmetry implies the potential parameters m?,
and \¢7 vanish, which in turn forbids the presence of CP phases in the potential.
Therefore, we retain the m?, term which only softly breaks the Z, symmetry. In
general, this soft Z; symmetry breaking term together with quartic Z, conserving
term would induce new quartic Z, breaking terms by renormalization, but they are
at one-loop level and thus do not induce new FCNC at tree level.

Hermicity implies that there are only two complex parameters, m?%, and )5, in the

potential. With the global phase redefinition of the fields ¢; — €% ¢;, one may define

two rephasing invariant phases as in Ref [163],

& = Arg[Ai(m1y)?] ,

6 = Arg[Ni(mly)viv3] . (5.3)
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The minimization of the potential yields that:

m3, = Mv?cos? B+ (A3 + \)v?sin? B — Re(m2,e) tan  + Re(Ase?)v?sin? 3 |
(5.4)

M3, = Av?sin® B+ (A3 + Ay )v? cos? B — Re(miye™) cot B + Re(A5e*)v? cos® 3 ,
(5.5)

Im(m2,e®) = v?sin 3 cos fIm(\5e**) . (5.6)

Eq. 5.6 above indicates that the value of £ is determined by given m?, and \5. Ex-

pressing this equation with rephasing invariant phases implies:

‘m%2’ Sil’l((SQ — 51) = |)\51}1'U2’ Sin(2(52 — 51) . (57)

In short, there is only one CP independent phase in the potential after electroweak
symmetry breaking(EWSB). Using this rephasing freedom of the fields, we will work
in a basis where £ = 0 and encode this invariant CPV phase into a CPV angle in the

diagonalization matrix for the neutral Higgs sector.

5.1.2 Higgs Mass Eigenstates
After EWSB, we can use the following relations to diagonalize the mass matrix for
the charged Higgs sector, which separates the physical charged Higgs and would-be

Goldstone bosons:

HT —53 ¢ H,*
- o ' (5.8)
G+ Cp SB H2+

This leads to a relationship between the mass of the charged Higgs and parameters

in the scalar potential:
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1
mi+ = = (2v — Ay — Re)s) Vi v =

Rem?, csc Bsec 3
5 :

202

(5.9)

where the parameter v sets the hierarchy between the SM-like Higgs and charged
Higgs. The mass term in the Lagrangian is given by £02 = —(H? HY, AYYM?(HY, HY, A%)T
gives,
M+ vsh  (Asus —v)egsy —3ImAs s
M =° (X345 — V)casp )\2325 + Vc% —%Im)\5 cg | > (5.10)
—%Im)\g, s —%Im)\g) cg  —Rels+v
where \345 represents A3 + Ay + Re(A5). A rotation matrix R defined below can be
used to diagonalize the mass matrix:
—50Cay CaCay Sey,

R =1 5.50,50. — CaCa, —S5aCa, — CaSopSee CopSaw | (5.11)

Sasocbcocc + casac Sasac - Casocbcocc Cabcac

where s, and ¢, are short hands for sina and cosa. Under this rotation matrix,
we have M? = RTdiag(mj, ,mj7 ,m; )R, and R(HY, H), A°)" = (hy, hy, hg)". We

demand that three rotation angles are in the following range:
T s
—— <o, 0, < = (5.12)
With this diagonalization procedure, one can obtain six linearly independent equa-

tions which can be solved for the parameters in the scalar potential in terms of the

physical parameters, as shown below [163],
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2 2 2 2 2 2 P2
my,, Sin” «cos” oy + my,, Ry + mj, Ry

AN = — vtan® 5.13

2 2 2 2 P2 2 P2

ms;. cos® acos® oy +m; Rs, +ms R
Ay = M L her 2 T T eot? 3 (5.14)

v?sin
2 2 2 2 2 2 2
ms_ sIn” ayp + cos” o (my . sin” . + m7. cos* «
Reds = v— M b ol b ¢ T Ths C), (5.15)
v

mj, sin avcos a cos® ay, — mj, Ryy Roy — mj, R31 Ry

A3 = v - — Ay — ReXs ,(5.16
3 v?sin 3 cos 3 4 5(5:16)
ImX\; = 2cosap{(my, —mj,) cos asin a, cos a,
+(mj, —mj, sin® a, —mj, cos’ a.)? sinasin oy} /(v? sin B), (5.17)
tan 8 (m}, —mj, ) cosacsina, + (mj, —mj, sin® o, —mj, cos® o) tan asin oy,
anfl = :
(mjy, —mj, ) tanacos agsina. — (my —mj, sin? a, — mj,, cos? a.) sin oy,

(5.18)

The last equation relates the two CPV angles, a. and a3, and indicates that there
exists only one independent CPV phase in our model. Using Eq. (5.9) and the min-
imization condition Eq. (5.4) we obtain the full relationships between model param-
eters (A1, A2, A3, Ag, Reds, ImAs, m3,, m3,, Rem?,, Imm3,) and phenomenological
parameters (v, tan 3, v, a, ap, ¢, Mp,, Mpy, Mpy, Mmy+). Through Eq. (5.18), one

can solve for the angle «y, in terms of a.,

(mj, —mj, ) sin 20, cot(f + )

2 _ 2 2 9 o
(mj,, — my, sin” a. —mj_ cos? a)

o = —arcsin (5.19)
Conversely, one could obtain the formula for a. in terms of . However, two solutions
will be generated when solving the second order equation for tan a.. Here we adopt

the convention in Ref. [61],

o, a+p<0 F| sin af"®*| 4+ /sin® @ —sin® oy, (M}, — M
+ b b hs hi
e = , tan o, = - 5 .
sin «v m; —m
af, a+p8>0 b ha ha
(5.20)
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where sin o;'®* sets a theoretical bound on the CPV angle oy, which comes from the

requirement of the existence of a real solution for tan c..:

(m,213 — 777,,212)2 cot?(a + B)

4(mj, —mj, ) (mp, —m3,)

2 = sin® )" . (5.21)

sin” ay, <

5.1.3 Interaction Terms

To eliminate the tree level FCNCs, one can assign Z5 charges to different fermion
fields. In general, this would lead to four possible arrangements in the Yukawa sector,
which are often dubbed Type-I, Type-II, Lepton-specific and Flipped 2HDMs [139,
34, 48]. In this work, we only concentrate on the first two, since Type-I (Type-
IT) differs from Lepton-specific (Flipped) only in the lepton sector and they should
behave similarly to the first two in our collider and EDMs experiments. Under the

Zy symmetry fermion fields transform as

QL — QL UR — UR dR — dR, Type I , (522)

QL — QL UR — UR dR — —dR, Type I . (523)
The corresponding Yukawa interactions invariant under the Z, symmetry are:

£1 = _YUGL(/L.7—2>¢;U/R — YD@quzdR -+ h.C. y (524)

Ly = —YyQ(im2)dsur — YpQrérdr + h.c. . (5.25)

The interaction of the physical Higgs with fermions and with vector bosons can be

parametrized as
my - N 2m%,[, m2Z
Lint = _Thi (craf f+crafinsf) + aih TWHW“ + TZ,LLZ“ , (5.26)

where cy;(¢,;) represents the scalar (pseudo-scalar) component of the physical Higgs

h; coupling to fermions while a; stands for the coefficient of h; coupling to the vector
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bosons. Analytic expressions for these coefficients are given in terms of the phe-

nomenological parameters in Table 5.1. Higgs global fits to the CP conserving 2HDM

Ce i Cvi = Crj ét,i 6b7i = 67',2' a;
Typel Rip/sinf Rp/sinf —RgcotS  RigcotfS  Rippsinf + Ry cosf
Type Il Rjp/sinf8 Ry /cosf —RigcotS —RgtanfS  Ripsinf + R cosf

Table 5.1: Couplings to Higgs mass eigenstates.

from current LHC measurements indicate that the couplings are close to the alignment
limit: 8 —a =7/2 [72, T1].

Hence, we concentrate on the region having only small deviations from this limit
in our study. The interaction between the heavy Higgses, SM Higgs and Z bosons

can be parametrized in the following form:

Lhi—>Zh1 == gile“((?“hihl - hz(?“hl) R (527)

with the coefficient g;,; expressed as:

(&

[(— SinﬁRn -+ cos BRIQ)RB - (— sin 5R11 —+ cos ﬁRm)ng] . (528)

Jizl = G 26,y

We parametrize the deviation from the alignment limit by a small variable § where
f—a =m/2460. Then we expand coupling g¢;,; in the limits of small a;, (CPV angle)

and 0 , which gives,

Go:1 X —ap + O(awb) (5.29)

g3.1 X —0+0(a}) (5.30)

Thus, near the alignment limit, the decay hy — Zhy could occur only if a; # 0,

assuming it is kinematically allowed. In contrast, the decay hs — Zh; could arise
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even in the a; = 0 limit so long as there exists a departure from exact alignment.
Consequently, one may interpret null results of any search for a heavy scalar decaying
to a Z-boson and a SM-like Higgs boson in terms of constraints on either a4 or 6. In
what follows we will, thus, consider the present and prospective constraints on «; in

two cases: # =0 and 0 # 0.

5.2 Production and Decay of Heavy Higgs
5.2.1 Production of Heavy Higgs

At the LHC, the dominant production mode for a heavy Higgs is via gluon fusion.
Therefore, we restrict our study on this specific production mode. The one loop gluon
fusion production cross-section of a heavy Higgs is obtained by rescaling the value of

the production cross-section for the SM-like Higgs:

o Nt
Coi ) (1) + G F)y (1))
2 )

Ct,iFlh/{Z(th) + Cb,iFf/Iz(Tg)’ +

o(gg — hi) = 0(gg — Hswm) ' .
FiL () + Fl,(7)

(5.31)

with 7} = mj /(4m7), the ratio of the mass squared of the heavy Higgs (h;) to 4 times
the mass squared of the fermion running in the loop. Here, 0(gg — Hgy) represents
the gluon fusion production cross-section of a heavy Higgs with SM couplings. The

functions Fﬁz and Fl% are defined in the following:

FI%(T) = 2(r+ (=1 f(r) 772, (5.32)
Fijp(r) = 2f(n)r 1, (5.33)
arcsin® (1/7), r<1
flr) = L 2 . (5.34)
i [1055 <1J_r—\/%> - ZW} ; T>1
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As one can see from Eq. (5.31), the numerator involves the sum of two contributions
arising from the CP-odd and CP-even components of the physical Higgs boson, re-

spectively. Denoting M%"" - and M7 as the CP-odd and CP-even parts of the

CP—even

] i : 99—h; *gg—rh
gluon fusion matrix elements, we see that the interference term M{Ep "L MEE i,

vanishes after integrating over final state phase space due to parity. The heavy Higgs
production cross-section in this form automatically takes into account the K-factor, if
one uses the production o(gg — Hgy ) with higher order corrections. Here we obtain

the values of 0(gg — Hgsy) from the website [2].

5.2.2 Decay of Heavy Higgs
The dominant two body decay modes of the heavy Higgses are taken into account

with I'io; expressed in the following form:

Ftot(hi> = F(hl — gg) + ].j(hZ — Zhl) + ]_j(hZ — W+W_> + F(hz — ZZ) + F(hz — tf)

+ T(hy = bb) + T'(h; = 7777) + T(hy — hihy) + -+, (5.35)

where the “4--- denote the tiny decay rates to a pair of light fermions and photons,
and Z boson and photon, which we have neglected. In addition, we ignore decay rate
of a heavy Higgs to one SM-like Higgs and another heavy Higgs, as well as a pair of
heavy Higgses because they are forbidden by kinematics due to the mass hierarchy we
choose in our benchmark model. The analytical expression for each two-body decay

rate can be found in the Appendix A.2.

5.3 Simulation detail

In this section, we will discuss details of our collider simulation. We first reproduce
the result of 8 TeV ATLAS exclusion limit on o(gg — h;) x Br(h; — Zhy) x Br(hy —
bb) obtained by searching for a heavy Higgs h;—s 3 decaying to Z(¢T¢~)hy(bb) [10] (As
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in Ref. [10] we do not include a Br(Z — ¢7¢~) factor because it is assumed to have
the SM value) . We then use a BDT method to perform events classification and
derive the projected exclusion limit for a future 14 TeV search. Events are generated
by MadGraph 5 aMCONLO [24] and then passed through PYTHIA6 [237] for parton

showering. Finally Delphes3 [92] is used for fast detector simulation.

5.3.1 8 TeV Result Reproduction

We use the cuts described in Ref. [10] as follow:

e The events must have 2 electrons or 2 opposite charged muons with p2/ > 7

GeV and |ne|(|n.]) < 2.5(2.7)

e The leptons must have p7j,,, > 25 GeV, and if the leptons are y*pu~ pairs,

then one of the p must satisfy |n,| < 2.5

e The events must have exactly 2 tagged b-jets with p}f}d > 45 GeV and pi}‘}’ > 20
GeV

e The reconstructed invariant mass for dilepton and dijet systems should satisfy:

83 < myr < 99 GeV and 95 < my, < 135 GeV

o B /\/Hyp < 3.5 GeVY/? where Hy is defined as the scalar sum of all jets and

leptons in the events

o pf > 0.44 x M55 — 106 GeV where M}, is the reconstructed mass of heavy

Higgs.

For the detector simulation, we use the default Delphes ATLAS cards with b tagging
efficiency equal to 70% as used in the ATLAS analysis [10]. In the mean time we also

modify the following value to match the ATLAS analysis:

e The isolation conditions for leptons:
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Change DeltaRMax from 0.5(default) to 0.2; Change PTMin from 0.5(default)
to 0.4(1) for electron(muon); Change PTRatio from 0.1(default) to 0.15. These

changes will increase the lepton identification in the boosted regime.

e Change the ParameterR for jet-clustering(anit-kt) algorithm from 0.6 to 0.4.

For the signal process, we only take into account the gluon fusion production mode
of the heavy Higgs. As for the background processes, we consider the two major
backgrounds Zbb and tt as well as to sub-leading backgrounds SM Zh and diboson ZZ
backgrounds. For all the backgrounds, we generate events with one additional jet with
jet matching. The numbers of events generated and the corresponding acceptance
times efficiency are given in Table 5.2. The cross-sections are normalized to the values
with higher order corrections. The K-factors for Zbb , tt, Zh, Z Z are calculated based
on the result in Ref. [117, 88, 3]. One can observe that the Z(£¢)bb background is a bit
larger than the ATLAS result in Table 5.2. This maybe due to the fact that ATLAS
used a data- driven method to estimate the number of Z(¢¢)bb background events,
which may include some effects that our fast detector simulation cannot fully replicate.
However, one can also see that these kinds of effects are at a controllable level; our
simulation result agrees with ATLAS results within at most 20% uncertainty. Since
we may also expect the same kind of effect in 14 TeV simulations, our projected
exclusion limit result will be conservative.

We present the reconstructed invariant mass of the heavy Higgs in Fig. 5.1a which
can be compared with the ATLAS result in Fig.3(b) in Ref. [10]. With this binned
distribution we use a profile likelihood method as used in the ATLAS paper to re-
produce the 95% CLs exclusion limit. A comparison with ATLAS result is given in
Fig. 5.1b, the red curve is our reproduced exclusion limit, and the blue curve is the
ratio of the ATLAS results to our reproduced values. One can see that, the ratio
is generally less than one which corresponds to the excess of Z(¢¢)bb background

in our simulation. The peak at 800 GeV is due to the lack of background statis-
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Backgrounds/ simulated # of # of expected

Signal o (pb) ox [L events after cuts event in Ref. [10] Axe
Z((0)bb 1291 2.620x10° 1,788 144360 6.825% 102
#(blv)E(blv) 1812 3.678x10° 359 317428 9.761x 10~
SM Z(C0)h(bb)  0.02742  5.566x 102 47 314+1.8 8.443x 102
Diboson(Z(0)Z(bb))  0.2122  4.308x 103 28 3045 6.679% 102
Signal(500 GeV) 0.03 4.06x10? 54 - 1.332x107*

Table 5.2: Summary of the 8 TeV simulation. The second column gives the cross-
section of each background process at 8 TeV LHC with generator level cuts. The
signal distributions are normalized to 0.03 pb as suggested in Ref. [10]. The third
column is the total number of events produced at 8TeV LHC with the integrated
luminosity equal to 20.3 fb~!. The fourth column is the number of events left for
each background after all the cuts with the integrated luminosity equal to 20.3 fb=.
The fifth column gives the number of events left with the same cuts estimated by
ALTAS in Ref. [10]. The last column gives the acceptance times the efficiency after
all the cuts obtained by our simulation.

tics and downward fluctuation near my; = 800 GeV, but for our benchmark models
where mys = 550, mp3 = 600 GeV and mys = 400, my3 = 450 GeV , the ratio seems

reasonably close to one.

5.3.2 14 TeV Prediction

We use the same Delphes card when generating events for the 14 TeV case. The
preselection cuts we use are almost the same as those for the 8 TeV case. In order to
get a sufficiently large sample for BDT analysis, we expand the mass window for my,
from 95 ~ 135 GeV to 60 ~ 140 GeV. Also, rather than implementing the E7*s /\/Hp
and pZ cuts, we allow the BDT to optimize them. The numbers of events generated
and the acceptance times efficiency after preselection for signal and backgrounds are
given in Table 5.3. After preselection, we use a built-in package in ROOT, Toolkit for
Multivariate Data Analysis (TMVA) [159] and the BDT method for the classification
of signal and background events. The variables used for the classification are listed

below:
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Figure 5.1: Fig.(a) shows the reconstructed invariant mass distributions with ¢*¢~bb
final state. The signal comes from a heavy Higgs of mass 500 GeV and production
cross-section 0.03 pb with an integrated luminosity 20.3 fb~!. Fig.(b) demonstrates
the 95% exclusion limit on the signal o(99 — A)Br(A — Zh)Br(h — bb). The red
curve is our result using the distribution in Fig.(a) with profile likelihood method
while the blue curve is the ratio of the ATLAS result (in Fig.3(b) of Ref. [10]) to our
reproduced expected exclusion limit.

P DR D s M, e, 7 Py BF N/ Hy, ARy, AR, ARz, Az, (5.36)
where plﬁeg’z;lb represent the leading and subleading pr of leptons and jets; my, and my,
are the invariant masses of dijet and dilepton systems, respectively; pi};’Z stands for
the reconstructed pr of the Z boson and the SM Higgs; EF /\/Hy is the ratio of the
missing transverse energy to \/Hp defined in the previous subsection; ARy, 71, are

the angular separations of two leptons, two bjets and reconstructed Zh, respectively,

with AR, = \/(na — )% + (00 — b)%. Az, is the separation of the azimuthal an-
gles between Z and h. The distributions of these variables are shown in Appendix A.1.

We select representative points with M, = 400, M3 = 450, M, = 550 and
M3 = 600 GeV as the signal to train the BDT. The BDT algorithm settings in
TMVA are:
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Badéii;?ds/ o(pb) # of events generate # of e;;;trs Crilsqammg Epre
Z(L0)bb 36.57 7.084x10° 94,323 1.331x1072
+(blw)E(blv) 68.11 3.276x 107 120,627 3.680x 102
SM Z(€0)h(bb) 0.0502 1.429x10° 14,380 1.006x 1071
Diboson(Z(bb)Z(£0))  0.3833 1.780x 10° 80,387 4.554%1073
Signal(550 GeV') 0.06 1.0x10° 20,645 0.2065
Signal(600 GeV)  0.06 1.0x10° 21,392 0.2139

Table 5.3: Summary of the 14 TeV simulation after preselection cuts. The second
column gives the cross-sections for each background process after generator level cuts
at the 14 TeV LHC. The signal distributions are normalized to 0.06 pb. The third
column gives the number of events generated in our simulation. The fourth column
shows the number of events left after the preselection cuts described in Sec. 5.3.2
before training the BDT. The last column gives the efficiency of the preselection cuts
for each process.

NTrees = 850 : MiniNodeSize = 2.5% : MaxDepth = 3 : BoostType = AdaBoost
: AdaBoostBoostBeta = 0.5 : UseBaggedBoost : BaggedSampleFraction = 0.5

: SeparationType = Ginilndex : nCuts = 20 .

The distributions of the BDT ouput for two heavy Higgs masses are shown in figs. 5.2¢
and 5.2d. One could find that the discriminating power is a bit better for the heavier
Higgs as we expected.

The next step is to select a cut on the BDT output to obtain the most stringent
95% exclusion limits. After applying the BDT cuts shown in Table. 5.6 and 5.7,
we use the reconstructed heavy Higgs mass distribution of the remaining events to
derive the 95% exclusion limit on o(gg — ho3)Br(hes — Zhy)Br(hy — bb). We show
the resulting prospective exclusion limits in Tables 5.6 and 5.7. We also perform a
cut-based analysis with the same ATLAS cuts described in 5.3.1, and the results
are shown in the “cut-based result” column in Tables 5.6 and 5.7. One can see that
the exclusion limits of our BDT analysis are 30% to 50% better (lower) than the

cut-based analysis results.

61



BDT output for m =400 GeV BDT output for m =450 GeV

o
10000

[ dibosons
B Z+hf

[ dibosons

8000 W Z+hf

6000

4000

2000

—9).6 -05 -04 -03 02 -01 0 01 02 03
BDT output

(a) BDT output for Mpy = 400 GeV (b) BDT output for M3 = 450 GeV

R)B -05 -04 -03 02 -01 0 01 02 03
BDT output

BDT output for M =550 GeV BDT output for M
Hheavy X Hh

eay

=600 GeV
vy

ea\

3
©6000
14000

12000
10000

8000
6000
4000
2000

—%AG -05 04 03 02 -01 0 01 02 03 01 02 03
BDT_output BDT_output

(c¢) BDT output for Mps = 550 GeV (d) BDT output for M3 = 600 GeV

Figure 5.2: The BDT output distributions for both signal and backgrounds. The
signals in Figs. (a) and (b) are for heavy Higgses with masses 400, 450, 550 and 600
GeV, respectively. The background distributions are normalized to the actual 14 TeV
cross-sections in Ref. [2], while the signal distributions are normalized to 0.06 pb.
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M,, = 400 GeV (14 TeV)
Luminosity(fb™") Best Cut exclusion limit o7, (pb) cut-based result (pb)

100 0.14 0.0582 0.1003
300 0.14 0.0336 0.0571
3000 0.14 0.0103 0.0185

Table 5.4: Exclusion limits oy, for o(gg — hy) X Br(hy — Zh1)x Br(h; — bb) and best
cuts on BDT output of different luminosities for M}, = 400 GeV. The column “cut-
based result” gives the exclusion limit derived from the ATLAS cut-based analysis
described in Section 5.3.1.

M,, = 450 GeV (14 TeV)
Luminosity(fb~") Best Cut exclusion limit Fig (pb) cut-based result (pb)

100 0.15 0.0506 0.0700
300 0.16 0.0292 0.0571
3000 0.16 0.00901 0.0185

Table 5.5: Exclusion limits o, for 0(gg — he) X Br(hy — Zhy)x Br(h; — bb) and best
cuts on BDT output of different luminosities for M;, = 450 GeV. The column “cut-
based result” gives the exclusion limit derived from the ATLAS cut-based analysis
described in Section 5.3.1.

My, = 550 GeV (14 TeV)
Luminosity(fb™") Best Cut exclusion limit o7, (pb) cut-based result (pb)

100 0.22 0.0299 0.0443
300 0.22 0.0167 0.0261
3000 0.22 0.00510 0.00782

Table 5.6: Exclusion limits o, for o(gg — hy) X Br(hy — Zhy)x Br(h; — bb) and best
cuts on BDT output of different luminosities for Mj, = 550 GeV. The column “cut-
based result” gives the exclusion limit derived from the ATLAS cut-based analysis
described in Section 5.3.1.
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My, =600 GeV (14 TeV)
Luminosity(fb~") Best Cut exclusion limit o7, (pb) cut-based result (pb)

100 0.21 0.0248 0.0340
300 0.22 0.0138 0.0192
3000 0.22 0.00423 0.00598

Table 5.7: Exclusion limits o, for 0(gg — hs) < Br(hs — Zhy)x Br(h; — bb) and best
cuts on BDT output of different luminosities for M}, = 600 GeV. The column “cut-
based result” gives the exclusion limit derived from the ATLAS cut-based analysis
described in 5.3.1.
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5.4 Results and Discussion

We now translate our simulated exclusion limit into constraints on the parameter
space of CPV 2HDMs. We mainly focus on the benchmark point below which is
consistent with the electroweak precision measurements and muon g — 2 data as

discussed in Ref. [61]:

mp, = 550 GeV, my, = 600 GeV, my+ = 620 GeV,v =1 (5.37)

and show the constraints on sin y, vs tan 8. As a comparison we also include the con-
straints in the alignment limit for a lighter mass benchmark point: m;, = 400 GeV,
mp, = 450 GeV, mpy+ = 420 GeV, v = 1. The reason we choose a relatively small
mass splitting between the two heavy Higgses is that this splitting is tightly con-
strained by bounds on the T parameter from electroweak precision data. The study
in Ref. [61] shows that a splitting round 50 GeV is already marginally consistent with
electroweak precision data.

The 95% CLs exclusion limit is given by:

0'(gg — h2’3) X BT(hQ}g — Zh1> X BT(hl — bl_)) < oy, (538)

where o, are the exclusion limit for different luminosity for my, = 400 GeV, myy =
450 GeV, mpo = 550 GeV and my3 = 600 GeV that listed in 5.4, 5.5, 5.6 and 5.7
respectively. We assume that the resonance process is dominant when the invariant
mass of two gluons is approaching the mass of the heavy Higgs. This is not always true
in the parameter space we consider, especially in the limit of small 8. The gluon fusion
to Zhy box diagram may become important and interfere with the resonant triangle
diagram. This may change the distribution of the invariant mass of Zh;. Here, we
will simply identify the region of parameter space that may suffer from this effect,

leaving a detailed analysis for future study. To proceed, we will compare the relative
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scale of the amplitude squared of the resonant and non-resonant gg — Zh, processes
at the center of mass energy /s = my,, and my,. For the resonance contribution we

use the following formula

GFa |gzzl| s ~ A i
M) = 1> craFla(p)lP +1D ) iFia(rh)))
5127r2\/_ =, =
x > (5.39)
(s —mj,)? +mj, F

where G and «, are the Fermi constant and strong coupling constant, respectively,
while g;.1, Fl%H, cf, ¢y, and I'y, are defined in Sections 6.1 and 5.2. For the non-
resonant piece we obtain the scale of M2~ 107 from Ref. [154]. In presenting
our results in Figs. 5.3-5.5, we include contours of constant [M;|2 in order to identify
regions where the resonant and non-resonant contributions are commensurate in scale.

We now consider the prospective future reach at the LHC. In the alignment limit,
the sensitivity comes primarily from the resonant production of hsy, as expected from
Eqgs. 5.29 and 5.30. We show the prospective exclusion regions associated with hs 3
production separately in Fig. 5.3. The pink region is forbidden by the requirement of
the electroweak symmetry breaking. The green, blue, and magenta regions represent
the prospective exclusion limits for the LHC integrated luminosities equal to 100 fb~1,
300 fb~! and 3000 fb~?, respectively. The black contours correspond to log,, |[M|? in
Eq. (5.39) with s = my,, for i = 2,3. If we require |M[2 > 10~* to guarantee the
dominance of the resonant production, then there will be some parts of the prospective
exclusion region for 3000 fb~! at low tan 3 that may not be valid for our analysis.
One could observe that from Fig. 5.6b and Fig. 5.6d there is a loss of sensitivity for
hs near tan § = 1 in the alignment limit for both Type-I and Type-II models. This
is due to the cancellation effect in the coupling g3,; when —a = 8 = 7 /4.

The situation is similar for non-vanishing but small 6. An illustration for cos(f —

a) = 0.02 is shown in Fig. 5.4. However, for a large deviation, for example cos(f—a) =
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Figure 5.3: Exclusion limits for the heavy Higgs resonant productions in the alignment
limit with my, = 550 GeV, my, = 600 GeV, mpy+ = 620 GeV, v = 1. The plots
in the first and second row represent the constraints for the Type-I and Type-II
models, respectively. The left (right) column shows the constraints from the resonant
production of hg(hs). The pink region is theoretically inaccessible as described in
the text. The green, blue, and magenta regions represent the exclusion limits for the
LHC integrated luminosities equal to 100 fb~!, 300 fb~! and 3000 fb—!, respectively.
The black contour represents the logarithm of log |M|? in Eq. 5.39 with s = my,,, for

i=23.
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Figure 5.4: Exclusion limits for the heavy Higgs resonant productions in the Type-I
and Type-II 2HDMs with cos(f — ) = 0.02, my, = 550 GeV, mp, = 600 GeV,
mpy+ = 620 GeV, v = 1. The plots in the first and second row represent the con-
straints for the Type-I and Type-II models, respectively. The left (right) column
shows the constraints from the resonance production of hs(hs). The pink region is
theory-inaccessible. The green, blue, and magenta regions represent the exclusion
limits for the LHC integrated luminosities equal to 100 fb=!, 300 fb=! and 3000 b,
respectively. The black contour represents the logarithm of log |M|? in Eq. 5.39 with
5 = my,, fori=2,3.
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0.05 in the Type-II model and cos(5 — ) = 0.1 in the Type-I model, the constraints
from the resonance production of h3 become important, and can cover large part of
the parameter space. In this situation, the effect of the non-resonant production is
negligible due to a relatively large m This can be seen in Fig. 5.5.

In Fig. 5.6, we show the corresponding separate exclusion limit for my, = 400 GeV
and mp, = 450 GeV and contours for log W Compare with Fig. 5.3 we find that
the values of W—ZP at s = m,% are larger than those of heavier Higgs mass. In other
word, the peak in the distribution of the invariant mass of final state particles is more
prominent for smaller heavy Higgs mass and the interference effects are rather small.
Hence, all the exclusion regions we derive satisfy the requirement W > 1074,

In addition, we take into account the constraint from the Higgs coupling measure-
ments at 7 and 8 TeV LHC as what was done in Ref. [61]. The channels included in
the x? analysis are: hy — WW, ZZ, ~v, bb, 77. We also include the present and
prospective constraints from EDM searches given in Ref. [163], which are summarized
in Table 5.8. We find that the constraints from LHC and low energy experiments are
complementary. Figures 5.7 and 5.8 demonstrate the exclusion limits from both LHC
and EDM searches. In each figure, the orange region gives the current LHC exclusion
limit. The blue, and magenta regions represent prospective future LHC limits for
integrated luminosities equal to 300 fb~! and 3000 fb~!, respectively. The light green
and light blue regions are excluded by the neutron EDM and electron EDM searches,
respectively. The light red and light yellow represents current constraints from the
mercury and prospective radium atomic EDM searches. The gray regions are ex-
cluded by the Higgs coupling measurements. The pink region is again as described
above theory-inaccessible. There are also constraints that we do not show in Fig. 5.7
and Fig. 5.8 from heavy flavor physics [113], which exclude the regions of parameter
space with tan g less than 0.9 in both Type-I and Type-II models for the benchmark

point we choose. These constraints can be relaxed if other new particles are intro-
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Figure 5.5: Exclusion limits for the heavy Higgs resonant productions with m;, =
550 GeV, my, = 600 GeV, mpy+ = 620 GeV, v = 1, and cos(f — a) = 0.1 (Type-
I), cos(f — o) = 0.05 (Type-1I). The plots in the first and second row represent
the constraints for the Type-I and Type-II models, respectively. The left (right)
column shows the constraints from the resonance production of hy(hs). The pink
region is theoretically inaccessible. The green, blue, and magenta regions represent
the exclusion limits for the LHC integrated luminosities equal to 100 fb~!, 300 fb~!
and 3000 fb~!, respectively. The black contour represents the logarithm of log | M |?

in Eq. 5.39 with s = mj,  fori=2,3.
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Figure 5.6: Exclusion limits for the heavy Higgs resonant productions in the alignment
limit my, = 400 GeV, my, = 450 GeV, mpg+ = 420 GeV, v = 1. The plots
in the first and second row represent the constraints for the Type-I and Type-II
models, respectively. The left (right) column shows the constraints from the resonant
production of hg(hs). The pink region is theoretically inaccessible as described in
the text. The green, blue, and magenta regions represent the exclusion limits for the
LHC integrated luminosities equal to 100 fb~!, 300 fb~! and 3000 fb—!, respectively.
The black contour represents the logarithm of log [M|? in Eq. 5.39 with s = mj_  for

i=23.
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dueced in addition to the 2HDMs or some non-trivial flavor structure [55, 57]. Figure
3 of Ref. [113] demonstrates the constraints on the tan 8 vs my+ plane for the Type-I
and Type-II 2HDMs. The most stringent bounds on tan 3 come from B, — B, mixing
and BY — putp~ for the Type-I model, and from B, — B, and By — By mixing for the

Type-II model.

Source Current EDM (e cm) Projected EDM (e c¢m)
Electron (e)  d, < 8.7 x 1072 at 90% CL[38]  d. < 8.7 x 107" [184]
Neutron (n)  dy, < 2.9 x 10720 at 90% CL[33]  d, < 2.9 x 1072® [184]

Mercury (Hg) dug < 7.4 x 1073 at 95% CL[143] -
Radium (Ra) - dra < 10727 [184]

Table 5.8: Current and projected EDM constraints in units of e-cm. For the projected
limits we assume that the sensitivity of nEDM is improved by two orders of magnitude,
and eEDM is improved by one order of magnitude. The mercury EDM remains
the same while future projected sensitivity of the radium EDM is assumed to be
dra < 10727 e-cm.

In Figs. 5.7a and 5.7b, we show the current and prospective exclusion regions for
the Type-I model in the alignment limit. One can see that the reach of the collider
search is not competitive with that of the electron EDM search even at the end of the
HL-LHC phase, especially in the low tan 8 region. This is due to the fact that the
collider search is sensitive to Br(hs3 — Zhy) in addition to the hy 3 production cross
sections. In the alignment limit, the Zh; channel is fed mainly from the decay of
ha, and the coupling g,1 is suppressed by the CPV angle a as shown in Eq. (5.29).
Moreover, for low tan 3, the couplings of hy to quarks are enhanced, which leads to
a suppression on Br(hy — Zh;) and an increasing gluon fusion hy production cross
section. However, the increase of the latter cannot compensate for the decreasing
Br(hy — Zh;). The net effect is a reduced Zh; signal strength. In contrast, the
electron EDM is sensitive to the pseudo-scalar couplings that are enhanced at low
tan 3 in the Type-I model, so electron EDM searches exclude a large part of parameter

space in the low tan 8 region in Fig. 5.7b.
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Figure 5.7: Exclusion regions for the collider and EDM experiments in the type-I
2HDM. The left (right) column is for the current (future) exclusion limit. The orange
region is excluded by the current LHC data. The blue and magenta regions represent
the future LHC limit with integrated luminosities equal to 300 fb=* and 3000 fb—1,
respectively. Light transparent red represents the constraint from mercury EDM,
light blue denotes electron EDM, light transparent green stands for neutron EDM,
and light yellow signifies future prospective radium EDM. The gray region is excluded
by the coupling measurement of the SM-like Higgs and the pink region is theoretically
inaccessible due to the absence of a real solution for a.. The benchmark point used
here is my, = 550 GeV, my, = 600 GeV,

myg+ = 620 GeV,I/ =1.
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Figure 5.8: Exclusion regions for the collider and EDM experiments in the type-II
2HDM. The left (right) column is for the current (future) exclusion limit. The orange
region is excluded by the current LHC data. The blue and magenta regions represent
the future LHC limit with integrated luminosities equal to 300 fb=* and 3000 fb~1,
respectively. Light transparent red represents the constraint from mercury EDM,
light blue denotes electron EDM, light transparent green stands for neutron EDM,
and light yellow signifies future prospective radium EDM. The gray region is excluded
by the coupling measurement of the SM-like Higgs and the pink region is theoretically
inaccessible due to the absence of a real solution for a.. The benchmark point used
here is my, = 550 GeV, my, = 600 GeV, my+ = 620 GeV,v = 1.
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Figure 5.9: Exclusion regions for the collider and EDM experiments in the type-
[ and type-II 2HDM with lighter Higgs mass hierarchy. The left (right) column
is for the current (future) exclusion limit. The orange region is excluded by the
current LHC data. The blue and magenta regions represent the future LHC limit
with integrated luminosities equal to 300 fb~' and 3000 fb~!, respectively. Light
transparent red represents the constraint from mercury EDM, light blue denotes elec-
tron EDM, light transparent green stands for neutron EDM, and light yellow sig-
nifies future prospective radium EDM. The gray region is excluded by the coupling
measurement of the SM-like Higgs and the pink region is theoretically inaccessible
due to the absence of a real solution for a.. The benchmark point used here is
mp, = 400 GeV, my, = 450 GeV, my+ = 420 GeV,v = 1.
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In Figs. 5.7c to 5.7f, we present the current and prospective exclusion regions away
from the alignment limit. We can observe that the current collider constraints are not
as strong as those from EDMs . However, the future LHC reach can be comparable to
that of the EDMs searches, and even better at moderate tan 8. One can observe this
feature from Eq. (5.30), where g3,; is proportional to € which describes the level of
deviation from the alignment limit, in contrast to Eq. (5.29) where gs,1 is suppressed
by the small CPV angle ;. One can also observe that in the large tan 5 region the
LHC loses sensitivity. The reason is that at large tan 5, pseudo-scalar couplings of
both t and b quarks to hg are suppressed, so the total partonic production cross-
section 6(gg — hs) decreases as tan 3 increases. Despite the possible increase in
Br(hs — Zhy), the over all effect is a decreasing trend of signal rate towards large
tan 3 resulting in an untestable region for the LHC search.

In the Type-IT model, the results are shown in Fig. 5.8. In contrast to the Type-I
model, the electron and mercury EDMs are not able to probe the parameter space
when tan § is close to one due to the cancellation in Barr-Zee diagrams indicated
in [163] and [44], whereas the neutron and radium EDMs retain sensitivity in this
region. In the situation that is close to the alignment limit, as one can observe from
Fig. 5.8a to 5.8d, the future LHC reach can help to test the region where tan 3 is
close to one. However, the reach of future neutron and radium EDM constraints still
exceeds that of the LHC. When the deviation from the alignment limit is as large as
cos(f — ) = 0.05, the future LHC may probe a large portion of the parameter space
for reasons similar to those for the Type-1 model: g3, is sensitive to this deviation and
is not suppressed by the CPV angle. Moreover, some portions of the large tan 3 region
cannot be accessed, but for reasons different from the Type-I case. In the Type-II
model, the pseudo-scalar coupling of the t-quark to hsz is suppressed at large tan 3,
while the pseudo-scalar coupling of the b-quark to hs is enhanced. However, for the

range of tan 8 we are interested in, the enhancement of the b-quark loop contribution
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Figure 5.10: Production cross-section for hz for Type-I(left), Type-II(right) model.

to 6(g9 — h3) cannot compensate for the suppression of the t-quark loop effect as
one can see from Fig. 5.10b. Thus, (g9 — h3) decreases with increasing tan 5. As
for Br(hs — Zhy), due to the increasing Br(hs — bb) and decreasing Br(hs — tt),
the overall effect leads to a decreasing Br(hs — Zh;). A decreasing production
cross-section combined with a decreasing decay branching ratio makes the large tan 3
region relatively inaccessible for the LHC in the Type-II model.

To show the influence of the overall mass scale on the exclusion regions, we present
the current and future prospective exclusion limits for both Type-I and Type-II mod-
els in the alignment limit in Fig 5.9. Comparing Fig. 5.9a and 5.9b with Fig. 5.7a and
Fig. 5.7b, one finds that for the lighter mass benchmark point the exclusion region is
generally larger than that of heavier mass point. The reason is that for lighter mass
point the resonant production cross-sections for the heavy Higgses increase, so the
signal rates are larger compared with those in the heavier mass case. Another feature
for the lighter mass scale is that in the region with small tan g, the future exclusions
are not restricted by the interference effects as the peak value of the amplitude of
the resonant process grows. A similar situation occurs for cos(5 — «) away from the
alignment limit, though we do not show this explicitly. Larger exclusion regions are

obtained for the lighter mass point with the same |sin ap|, tan 3, and cos(f — «).
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Now we argue that the future result of EDM and LHC experiments are expected
to be complementary to each other and combining information from two kinds of
experiments would help us better determine if the 2HDMs are realized in the nature.
Since the global fit of the Higgs coupling measurements constrains 2HDMs in the
parameter space that are close to the alignment limit, we summarize our results in
two categories: 2HDMs are in the exact alignment limit (cos(8 — a) = 0), 2HDMs

deviate from the alignment limit (i.e. cos(f — a) # 0).

e 2HDMs in the alignment limit:

— Future LHC makes a discovery

As discussed above, in the alignment limit, the productions of the heavy
Higgses ho and hs are purely determined by the size of CPV angle ay, so
the reach of future LHC is merely sensitive to the CPV effect in the model.
From Fig. 5.7b, one can observe that, in the Type-I model, the reach of
future LHC is entirely inside the reach of future radium and electron EDM
experiments. Thus, one can conclude that if Type-I model is true, with a
discovery at the future LHC one should also observe non-zero radium and
electron EDMs, otherwise the null results of radium and electron EDMs
will veto the Type-I CPV 2HDM. A similar conclusion can be drawn for
the Type-IT model by observing Fig. 5.8b, where one can find that the LHC
sensitive region is well within the reaches of radium and neutron EDMs.
Hence, if the Type-II model is true, the discovery of the future LHC should

lead to the observations of non-zero radium and neutron EDMs.

— Future LHC gives a null result

For both Type-I and Type-II models, a null result from future LHC does
not exclude the possibility of CPV in 2HDM as long as CPV angle «, is

sufficiently small. Meanwhile, any non-zero EDMs that correspond to the
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regions of parameter space within the reach of LHC would disfavor the

CPV 2HDMs.

e 2HDMs away from the alignment limit:

— Future LHC makes a discovery

In this case, the result from future LHC is not purely sensitive to the
CPV effect since the coupling of hs to Zh; is proportional to the level of
deviation from the alignment limit and is not suppressed by the CPV angle
ap. A discovery at the future LHC may or may not imply a non-zero EDM
result, a situation that depends largely on the magnitude of deviation from
the alignment limit. Moreover, if the deviation is relatively small, such as
cos(f — a) = 0.02, the exclusion limit would mainly come from hy, for
which production is purely sensitive to the CPV angle ay, as shown in
Fig. 5.7d and Fig. 5.8d for the Type-1 and Type-II models, respectively.
In addition, one would expect the non-zero radium and electron EDMs for
the Type-I model and non-zero radium and neutron EDMs for the Type-II
model. Thus, a null EDM result would disfavor both Type-I and Type-II
CPV 2HDMs. On the other hand, if the deviation is relatively large, such
as cos(f—a) = 0.1 in the Type-I model (Fig. 5.7f) and cos(f —a) = 0.05 in
the Type-II model (Fig. 5.8f), the exclusion power would be dominated by
the hs decay. As mentioned above, the discovery of hs does not necessarily
lead to sizable EDMs, and therefore a more detailed study of the CP

properties of the newly discovered particle would be needed.

— Future LHC gives a null result

In this case, for sufficiently large deviations as shown in Fig. 5.7f and
Fig. 5.8f, the discovery of any EDM results would indicate that the CPV

source is not consistent with the CPV 2HDMs. On the other hand, for
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relatively a small deviation as shown in Fig. 5.7d and Fig. 5.8d, the CPV
2HDMs is still available if CPV angle «y, is sufficiently small. Moreover,

any non-zero EDMs that correspond to the regions of parameter space

within the reach of LHC would disfavor the CPV 2HDMs.

Finally, we comment on the potential constraints from the viability of successful
EWBG in 2HDMs. One can potentially include the allowed regions where EWBG
is viable in Figs. 5.7 and 5.8. For example, the authors of Ref. [105] studied the
CPV for EWBG and identified some regions of parameter space that seem favorable.
They pointed out that the CP violating phase necessary for successful baryogenesis
is sensitive to tan S and the masses of the heavy Higgses. That work also concen-
trated on parameter space region where the dominant decay channel of hs is to the
Zhs final state (A — ZH in the CP-conserving limit), based on earlier studies of the
electroweak phase transition[107, 106]. A strong first order electroweak phase tran-
sition favors — but does not absolutely require — regions of parameter space leading
to dominance of this decay mode. In this paper our main focus is on constraints of
the CP violating phases from the LHC and EDMs in 2HDMs. It is possible that
for the spectra considered here, the CPV 2HDMs can accommodate a strong first
order electroweak phase transition and give rise to the CPV asymmetries needed for
successful baryogenesis. A detailed and general analysis of this possibility is beyond

the scope of the present paper and will be left for future study.
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CHAPTER 6
ELECTROWEAK PHASE TRANSITION IN XSM

In this chapter, we focus on the singlet extension to the SM, the xSM, which is
proven to be able to give a strong first order electroweak phase transition in Ref. [218].
In the xSM, after EWSB, the gauge eigenstates of the singlet scalar and the SM Higgs
mix with each other to form the mass eigenstates h; (SM-like) and hy (singlet-like).
Further, we restrict our study to searching for a signal of the on-shell production of
the heavy singlet-like Higgs hy decaying to two SM-like Higgs hy (i.e. mo > 2my),
because the regions of parameter space that can generate SFOEWPT simultaneously
tend to enhance the hohyhy tri-linear couplings [218, 114, 208]. Currently, the ATLAS
and CMS experiments have already begun to search for a resonant di-Higgs signal
through different Higgs decay final states: 4b [6, 175], bbyy [176, 11], yyWW* [11] and
bbrT [11] and so far have not found any significant deviation from SM backgrounds.
On the theoretical side, for the parameter regions that are viable for SFOEWPT, the
bbrT final state has been studied in Ref. [208] and found that at the 14 TeV LHC
with a 100 fb~! luminosity, the singlet-like hy with a relatively light mass e.g. 270
GeV can be discovered; the bbyy and 471 final states can discover my up to 500 GeV
at the 14 TeV LHC with a 3 ab™! luminosity [181]; the b5bW W final state studied in
Ref. [160] found that the resonant signal is discoverable for my range from 350 GeV
to 600 GeV at the 13 TeV LHC with a 3 ab™! luminosity.

In this context, we study the prospective discovery/exclusion of 4b final state at
the 14 TeV LHC with a 3 ab™! luminosity. We first find out the 11 benchmark

points with ms € [300,850] GeV that produce the maximum and minimal di-Higgs
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signal rate op, X BRp,n,n, In consecutive 50 GeV intervals and satisfies all the
current phenomenological constraints from the Higgs signal rate, electroweak precision
data and also the theoretical constraints from stability, perturbativity and viable
for SFOEWPT. Then we do a full simulation of signal and background events with
the parton level events generator Madgraph5 [24], showering with PYTHIA6 [237]
and using DELPHES3 [92] to do the fast detector simulation. Further, we use the
TMVA package in ROOT to implement the Boosted Decision Tree (BDT) algorithm
to optimize the cuts, finally obtain the significance from the BDT score distributions

of background and signal events.

6.1 The xSM
6.1.1 The Model

The most general scalar potential in the xSM model is given by:

V(H,S) = — i (H'H) + A (H'H)" + 5 (H'H) §
Qo bQ bg . b4
— (H'H) S? + =5* + =5% + —8* 6.1
where S is the real singlet and H is the SM Higgs doublet. The a; and ay parameters
induce the mixing between the singlet scalar and the SM Higgs doublet which provide
a portal for the singlet scalar interacts with SM particles. A Z, symmetry is presented
in the absence of a; and b3, we however retain both parameters in our study as they
play an important role in the strength of EWPT and also di-Higgs signal rate at
collider experiments.
After EWSB, H — (vo + h)/v/2 with vy = 246 GeV, and S — x¢ + s where z is

the vev for S without loss of generality. The stability of the scalar potential requires

the quartic coefficients along all the directions in the field space to be positive. This
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translates into a requirement of a positive the Hessian determinant of the potential

with respect to fields s and h:

ot 0*V/(9s*)  9?V/(0sOh) . (6.2
0*V/(0hds)  0*V/(Oh?)

This leads the bounds A > 0, by > 0 and as > —+/A\bs. Another way to obtain these
bounds is by parameterizing (h,s) as (rcosq, rsina) in the field space, and we are

able to extract the quartic coefficients of r along the « direction in the field space:
1 4 2
1 ((b4 + A —ag) cos” a + (ag — 2bg) cos® a + b4) ) (6.3)

Requiring the above equation larger than zero for any value of cos « also leads to the
same conditions.

Utilizing the minimization conditions,

av av
0. —

—_ =0, =0, (6.4)
dh h=0,5=0 ds h=0,5=0

one can express two potential parameters in the Eq. 6.1 in terms of the vevs and other

parameters.

T
1= g + (a1 + asxo) ?0

avp  agvl

4330 2

(6.5)

bg = — bgflf() — b4ZL‘3 —

Two additional conditions need to be satisfied for (vg, x¢) to be a stable minimum.

One of them is (vg, o) minimizing the potential locally, which requires:
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av3 B (ay + 2a9z0)?

4$0 8A

bsg + 2bsxy — > 0. (6.6)

Also, this minimum point should be a global minimum, which we impose numerically.

As for the perturbativity, we have requirements on the quartic couplings:

‘al ’ag b4
21712 4

< Am. (6.7)

However, when scanning the parameter space for benchmark points we implement
more stringent bounds on those parameters as discussed in Sec.6.2 compared with
the above requirements. One can refer to Ref. [224] and Ref. [225] for more details
about the perturbativity bound in the xSM.

Now we obtain the elements of mass-squared matrix by:

d*V
d*V a v}
m = o = byro + 2ba 419300
d2‘/ Vo
mi, = TPl (a1 + 2as9x0) 5 (6.8)

After the diagonalization of the above mass matrix, the physical masses of two neutral

scalars can be expressed as:

(6.9)

with ms > m; by construction. The mass eigenstates and gauge eigenstates are

related by a rotation matrix:
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h1 cosf sind h
= (6.10)

ho —sinf cos6 s

where h; is the SM-like Higgs boson with m; = 125, and hs is identified as the most
singlet-like mass eigenstate. The mixing angle # can be expressed with the vevs,

physical masses and potential parameters:

9 —  2Mhs (a1 + 2a51) vo

= 6.11
(i) (il —m3) (o-10
From Eq. 6.10, one can observe that the couplings of h; and hs to the SM vector

bosons and fermions are changed by rescales of their SM Higgs couplings,

Ihxx =080 g, gnoxx = sinf gixx, (6.12)

where XX represents final states of SM vector bosons and fermions pairs In this case,
all the signal rates associated with the single Higgs measurments are rescaled by the

mixing angle only:

Ohy * BR

_ _ 2
Hhy XX = W = cos” 0, (6'13)

where 0j, and BR are the production cross section and branching ration in our model,
and the quantities with the superscript SM are the corresponding values in the SM.
In our model, we have BR = BR*™ because the partial width of each decay mode is

rescaled by cos? @ and there is no new decay channel appearing.
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In order to investigate the di-Higgs production in following sections, one also
need to derive the tri-Higgs couplings. The one relevant for the resonant di-Higgs

production is A1,

1
Ao11 = 1 [(Ch + 2a579) cos® 6 + dvg(ag — 3N) cos® §sin 6

+(a1 + 2asxo — 2bs — 6byg) cos Bsin® @ — 2ayvg sin® 4] . (6.14)

In this work, we focus on the situation where my > 2m; such that a resonant
production of hy and a subsequent decay to hih; is allowed. Therefore, we are able

to calculate the partial width 'y, p,5,:

I =
hzﬁ)hlhl 87Tm2
and the total width of hs:
I'p, = sin®6 FSM(mQ) + Thy—shing s (616)

where T (m,) represents the total width of SM Higgs with a mass of m,, which is
taken from [25]. The singnal rate for pp — hy — XX (X is SM vector bosons and

fermions) normalized to the SM value is given by:

sin? 6 FSM(mz)) 7 (6.17)

2
= 0
Hhy—xx = SI ( Ths

which will be used to constrain the parameter space in the next section. The produc-

tion cross section for the process pp — ho — hih; can also be calculated:

r
hazluhn : (6.18)
(m2> + th—)hl hi

_ _SM 2
Onyny, = 07 (mg) X s T
S
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6.1.2 Phenomenological Constraints on the Model Parameters

Now we discuss current phenomenological constraints on the xSM. The mixing
angle 6 between the singlet and the SM Higgs doublet is constrained by measurements
of the single SM-like Higgs signal strengths. A global analysis by the ATLAS group
gives the 95% CL upper limit on sin? 6 as 0.12 [9].

The LHC searches for the heavy neutral Higgs also provide constraints on the
parameter space, typically, we take into account the existing limits on both the hy —
V'V [15, 12, 60, 174] and the hy — hyh; final states, where hyhy decay to bbbb [6, 175,
bbyy [176], bbr7 [11]. The constraints on the (msy, cg) plane can be found in our
previous work [160]. We will also guarantee each benchmark point in the parameter
scan in the next section satisfies all the limits mentioned above.

Finally, we discuss the constraints from electroweak precision observables (EWPO).
The mixing between the singlet scalar and the SM Higgs doublets induces the modi-
fication of the oblique parameters S, T and U with respect to their SM values. From
Eq. 6.10, the deviation in an oblique parameters O, denoted by AQ, can be expressed
in terms of the SM Higgs contribution to that parameter, O™ (m) [214, 149] and the

mixing angle 0, where m is either m; or my. So we have:

AO = (c; — 1)OM(my) + s5 OM(my) = 53 [0 (ma) — OM(my)] . (6.19)

In the xSM the parameter U = 0 is a good approximation, we therefore focus on only

the deviations in the S and T parameters, which is given by the Gfitter group [30]:

AS =S5 — Sgy = 0.06 £ 0.09 1 091
pij = , (6.20)
AT =T —Tgy = 0.10 £ 0.07 091 1

where p; ; is the covariance matrix in the (S,7") plane. Again, we will impose the

criteria in the parameter scan in the next section such that for each benchmark point,
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Ax?(ma, cy) defined below is less than 5.99, which corresponds to the deviations of S

and T parameters are within 95% C.L.

Ax?(mg, cp) = Z [AO;(ma, cg) — AOY] (02)1.31 (AO;(ma, cp) — A(’)?) . (6.21)
i,J
where AOY denote the central values in (6.20) and (¢?);; = 0;p;;0;, with o; the S or

T standard deviation from (6.20).

6.2 Electroweak Phase Transition and Benchmarks for Di-

Higgs Production

The character of EWPT is understood in terms of the finite-temperature effective
potential, Veijfo However, the fact that the standard derivation of V;}éo suffers from
gauge dependence is well known which is discussed in depth in Ref. [223]. Here
we employ a high-temperature expansion to restore the gauge independence in6 our
analysis (see Ref. [219] for details). In such a case, we include in our finite temperature
effective potential the T = 0 tree level potential and the gauge-independent thermal
mass corrections to ‘/5?0, which are crucial to restore electroweak symmetry at high
temperature. In this limit, a; and b3 parameters in the xSM will generates the barrier
between the broken and unbroken electroweak phases for a first-order EWPT at tree-
level. In the high-temperature limit, we follow Ref. [223] and write the T-dependent,
gauge-independent (indicated by the presence of a bar) vevs in a cylindrical coordinate

representation as
5(T)/V2 = (T) cos(T), #(T) = ¢(T)sina(T), (6.22)

with (T = 0) = vy and Z(T = 0) = x. The critical temperature T is defined

as the temperature at which the broken and unbroken phases are degenerate, i.e.
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Veﬁfo(@a #+ 7w/2,T,) = V;?O(gb,a = m/2,T,). Once the critical temperature is
found one is able to evaluate the quenching effect of the sphaleron transitions in the
broken electroweak phase (see, e.g., Ref. [202]), which is related to the energy of the
electroweak sphaleron that is proportional to the vev of SU(2), doublet o(7). A
first-order EWPT is strong when the quenching effect is sufficiently large, and the

criterion is approximately given by:

cos a(T,) T

1. (6.23)

To select the benchmarks to do the collider simulation, we perform a scan of

parameters ai, bz, xg, by and X\ within the following range:

a1 /TeV,bs/TeV € [—1,1], x0/TeV € [0,1], by, A €0,1] (6.24)

the remaining parameters are fixed by input values of vy = 246 GeV and m;, =
125 GeV. Our lower bound on quartic couplings by and A guarantee the vacuum
stability. We also require a naive perturbativity bound on the Higgs portal coupling
as/2 < 5. For each set of scanning parameters, we calculate the cg, ms and Ag1q, and
only keep the points that satisfies all the phenomenological constraints mentioned
in the previous section (Higgs signal rate, LHC search for heavy Higgs hy, EWPO).
Then we pass these sets of parameters into the COSMOTRANSITIONS and evaluate all
the quantities that related to the EWPT numerically, such as critical temperature,
sphaleron energy, tunneling rate into the electroweak symmetry broken phase with an
input of the finite temperature effective potential of the xSM in the high-temperature
limit. Finally we only keep the sets of parameters that satisfies the strong first-order
EWPT defined above and also has a sufficient tunneling rate to prevent the universe

stucking in a metastable vacuum.
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We choose benchmark points with the maximum and minimum signal rate o(pp —
ho)BRp,—hyn, from 11 consective hy mass windows range from 300 to 850 GeV with
50 GeV width. The upper bound of ms = 850 GeV is obtained by the logic that we
did not find the mass of my larger than 850 GeV that gives a strong first-order EWPT
even though in our scan ms can potentially reach 1 TeV. We list all the benchmark

points in Table. 6.1 and 6.2.
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6.3 4b Final State Analysis

In this section, we discuss the simulation and analysis details for 4b final state. The
di-Higgs to 4b final state gives the largest branching ratio among all the di-Higgs decay
channel, which potentially gives the largest signal rate. However, 4b channel also
suffer from large SM multi-jet backgrounds, which may reduce the signal significance.
This is why we implement Boosted Decision Tree (BDT) to better separate the signal
and background events and to enhance signal significance. In what follows, we first
reproduce the result of the 13 TeV ATLAS analysis and then evaluate the significance
for the future HL-LHC.

6.3.1 13 TeV result revisit

We follow the ATLAS resolved analysis in Ref. [6], and reproduce the signal ef-
ficiency and background distributions in Fig.2 and Fig.4. We generate the parton
level signal and background with MG5_. AMCQ@QNLOv2.4.3 [24] and then use PY-
HIAG6 [237] for QCD showering, fragmentation and hadronization, finally we use the
DELPHES3 [92] to simulate the detector effect. For the detector simulation, we used
the default CMS DELPHES card, though we are following the ATLAS analysis. The
reason we use the CMS card rather than the ATLAS card in DELPHES is that the
CMS card is better in reproducing the real experimental effects than the ATLAS
card and we believe that the detector responses are similar in the real world for the
ATLAS and CMS experiments. The b-tagging rate is set to 70% and parameter R in
anti-kt jet clustering algorithm is set to 0.4 to follow the ATLAS analysis.

For the signal process, we scan the mass of hy from 300 GeV to 1500 GeV with
a interval of 100 GeV. For the backgrounds, we generate pp — 4b and pp — tt.
To increase the sample efficiency, for pp — 4b process, we set the parton level cuts

ARy, > 0.3, which is consistent with the parameter R=0.4 in anti-kt algorithm that
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set an effective lower bound on AR = 0.4 of two jets. For pp — tf, we enforce top
quarks decaying hadronically.

Here we summarize the cut flow used in the ATLAS analysis:

e Select the events with at least 4 b-tagged jets with p? > 40 GeV and |n| < 2.5.
If the number of b-tagged jets is larger than 4, then the jets with 4 highest p,

are selected to reconstruct dijet system.

e Use the selected 4 b-tagged jets to form two dijet systems. The dijet system
is defined by the two jets with AR < 1.5. We also require that the transverse
momentum (p;) of the leading (subleading) dijet system to be greater than 200
(150) GeV.

e Depending on the reconstructed invariant mass of 4 b-tagged jets we put fol-

lowing mass dependent cuts

;

400 GeV if my; > 910 GeV,

PE > 4 200 GeV if my; < 600 GeV,

0.65my4; — 190 GeV  otherwise,
\

(

260 GeV if my; > 990 GeV,
P > 4 150 GeV if my; < 520 GeV,
0.23my4; +30GeV  otherwise,
\
1.0 if my; < 820 GeV,
|A77dijets| <

1.6 x 10™®my; — 0.28 otherwise.

e To reduce tt background, we impose the “tf veto” in the following method: if

there are extra jets in the events with pr > 30 GeV and n < 2.5, then we
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will test if this extra jet has AR < 1.5 relative to the dijet. Given the above
condition is true, we will calculate the invariant mass of the extra jet and one of
the b-tagged jet in the dijet system as the mass of W boson candidate my, and
the invariant mass of the extra jet and dijet system as the mass of top quark

candidate m;. We will veto the events if the following requirement is satisfied:

— 80.4 ? — 172, ?
X, — \/(mw 80 GeV) —I—(mt 7 5GeV> ~32, (6.25)

0.1my 0.1my

Finally, we will retain the events as a signal candidate if the invariant masses

of the two Higgs boson candidates are in the signal region defined by:

miead — 120GV [mg™ — 113 GeV
Xpn = : + : w
0.1mipd 0.12mg™!

) <16. (6.26)

Comparing with the same requirement in the ATLAS analysis in Ref. [6] we

change the central value of (m5*!, m§™) in the above equation from (124 GeV,
115 GeV) to (120 GeV, 112 GeV) to compensate for the discrepancy of the jet

energy smearing between the Delphes simulation and the ATLAS simulation.

The efficiencies of signal events with myg ranging from 500 GeV to 1500 GeV a interval

of 100 GeV comparing with the ATLAS results in Ref. [6] are shown in the Fig. 6.1.

The solid lines represent the results from our simulation, the dashed lines represent

the results in Fig.2(b) in Ref. [6]. The five different lines correspond to five cuts

described in the five bullet points above. We found that for the final signal efficiency

our results agree with the ALTAS results very well.

We estimate the backgrounds yields after the same cuts and summarize them in

Table 6.3. Apart from 4b and ¢t background we also estimate the number of bbcc

background with two ¢ quarks faking to two b quarks by the following formula under
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Cut Flow Efficiency 13 TeV

—-= 4 b tagging
—— 2 dijets
—¥— MDC

—-e- tt Veto

—&— signal

Acceptance*Efficiency
o o
[N =
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[TTTT
|

P E U TSR R RS
20 600 800 1000 1200 1400

Figure 6.1: The comparison of the cut flow efficiencies with the ATLAS result. The
solid lines are our simulation results, the dashed lines represent the ATLAS results
in Ref. [6]. The five cuts are correspond to five bullet points described in the sec-
tion 6.3.1.

the assumption that the kinetic distribution of bbcec events are similar to those of 4b

events:

g CC C
Nopee = Nip X —22 x (f 02, (6.27)
Tap Jo—b

where Ny, is the estimated number of QCD 4b events after all the cuts, oppe. and oy
are parton level cross-sections for bbce and 4b processes, f._.p is the ¢ originated mis-
tag efficiency which is taken to be 0.2 [14], fy_,; is the b jet tag efficiency which is taken
to be 0.7. The expected number of the bbcc background is 2, which contribute less
than 2.5% of the total background. We also plot the distribution of the 4b invariant
mass for the background events in Fig. 6.2, where before calculating the 4b invariant
mass we rescale the four momentums of dijet systems such that their invariant masses
are equal to the physical mass of the SM-like Higgs 125 GeV. One can compare the
same distribution from the ATLAS experiments in the Fig.4 in Ref. [6], again we find
they are identical within the uncertainties.

All of the above 13 TeV analysis gives us the confidence to study the prospective
results in the 14 TeV HL LHC.
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Backgrounds | oD (pb) | K factor | efficiency # of (13?212}%%5)‘[%% ATLAS results|6]
bbbb 287.24 1.72 [24] | 4.02x107° 37 43
tt 72 1.60 [204] | 1.87x107° 4.0 4.3

Table 6.3: Estimated number of background events and comparison with ATLAS
results at the 13 TeV LHC.

Mass4b

| IMultijet
ttbar

Events/50GeV

&
o

500 600 700 800 900 1000 1100 12001300e1400

4b

Figure 6.2: The distribution of the 4b invariant mass for backgrounds events after all
the cuts in this section.

6.3.2 14 TeV HL-LHC Reuslt Predictions
In the analysis of the 14 TeV HL LHC prospective results, we first select events

with two dijet systems following the cuts in Ref. [73] described below:

e Select events with at least 4 b-tagged jets with pr > 30 GeV.

e Pairing two of them such that AR;; satisfies the following cuts:

iy = 0.5 < ARjjiead < 2 + 0475
if my; < 1250GeV

235 < ARN subl < % + 0.35

0< ARjj,lead <1 )
if My > 1250GeV

0< ARjj,subl <1
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e If more than one pairing system satisfied this constraint, we use the one with

the smallest variable Dy, defined by :

mi! 115
in { tan™! [ —1- ) —tan™' [ — 6.28
sin ( an (mlfja d) an 190 (6.28)

After selecting the events with two dijets we calculate following kinematic variables

Din = 1/ (mig)? + ()2

and feed them into a Boosted Decision Tree (BDT) to optimize the separation between

signal and background events:
pljgad7 p%ybla ARleada ARSUbla ARhiﬂ Agbhh) Anhhv le(}ad’ m;?bl7 Xhha mMyp. (629)

The variables with superscripts “lead” and “sub” correspond to the value of the

leading and sub-leading dijet systems ordered by their pr, and X}, are defined below:

X, — <m12ejad — 120 GeV>2 N (m%lbl — 115 GeV)2 (6.30)
0.1miged 0.1mg! ’

my, Tepresents the invariant mass of four b jets. After training the BDT, we obtain
the BDT score distributions of signal and backgrounds events. To derive the optimal
sensitivity, we re-bin the signal and background distributions such that each bin
contributes the maximum S/v/B (S and B are the numbers of signal and background
events in that bin), starting from the right edge of the histogram where the signal
peaks.

We summarize the production cross-sections and the preliminary cut efficiencies
before the BDT analysis in Table 6.4.

Then we calculate the CL;, with the profiled likelihood method using the asymp-
totic formula described in Ref. [82, 83|, and then convert the quantity 1 — CL,,
which represents the probability that the background-only model produce the ob-

served events by fluctuation that can imitate the expectation of the signal plus back-

ground model, into the correspoinding N, Gaussian significance. As an illustration,
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Backgrounds | opt0 (pb) | K factor | efficiency
bbbb 131.075725% | 1.4 [87] | 0.02987
tt 110.065735% | 2.03 [88] | 0.005579

Table 6.4: Estimated number of background events for 14 TeV HL-LHC and the
theretical uncertainties.

Maximum Signal Rate BM4 Maximum Signal Rate BM7

Number of Events
Number of Events

BB B e

=

)
R
T

=

o,
R
T

,4
s O
T
=
s O 2
LA B B L AL Al

107 107

10—27 L L Il L 10—27 L L Il L
-0.6 -0.4 -0.2 0 0.2 0.4 -0.6 -0.4 -0.2 0 0.2 0.4
BDT SCORE BDT SCORE
(a) re-binned BDT score BM4 (b) re-binned BDT score BM7

Figure 6.3: Re-binned histograms for BM4 and BM7 with the maximum signal rates,
the red line represents the signal distribution, the blue line represents the backgrounds
distribution, they are all normalized to their real expected number of events in the
14 TeV HL LHC with 3 ab™1.

we show the re-binned histograms of the BDT output for two benchmark points in
Fig. 6.3.

We also plot the significance N, with uncertainty bands in Fig. 6.4. The upper
and lower bands correspond to the variation of production cross section of 4b and
tt backgrounds within +10 uncertainties as one can find in the Table 6.4. One can
observe that with a 3 ab~! luminosity at the 14TeV LHC the benchmark points with
maximum signal rate up to my =500 GeV can be discovered with N, >5. If the
future HL. LHC experiments does not observe the signal, then one can exclude the
maximum signal rate benchmark points up to my =680 GeV.

We compare the significance that obtained with the same method for the bbyy and
47 channels at the 14 TeV HL LHC [181] and for the bbWW channel at the 13 TeV
LHC [160] in Fig. 6.5. We only compare the benchmark points from BM3 to BM11
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Pp- >hy- >hy(bbjh (bb) 14TeV 3ab* pp->ha->hy(bb)h;(bb) 14TeV 3ab™
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i No=5 | 0.50}
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=2 zZ
i 1 0.10}
05 | 0.05/
01 400 500 600 700 800 900 400 500 600 700 800 900
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(a) Ny for BMpax (b) Ny for BMpin

Figure 6.4: The significance N, calculated from 1-CL;. The upper and lower bands
represent the +1¢ variation of uncertainties on the theoretical backgrounds cross-
sections.

because the first two BM points are different from that in Ref. [181]. We find that
for the mass with heavy Higgs mass mpy less than 500 GeV, the bbyy channel seems
to be the most sensitive channel for searching a resonant di-Higgs signal, and the 4b
channel is competitive with the bbyy channel, which could serve as a complementary
check if the bbyy channel observe the signal. However, the my larger than 500 GeV
the 4b channel demonstrates their better sensitivities compare with the bbyy channel

and 47 but not as good as the bbWW channel in our analysis.
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Figure 6.5: The significance N, calculated from 1-CL; for the 14 TeV LHC with a
3 ab~! luminosity for different channels. The values for bbyy and 47 channels are
obtained from Ref. [181]
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CHAPTER 7

EXPLORING EXTENDED SCALAR SECTORS WITH
DI-HIGGS SIGNALS: A HIGGS EFT PERSPECTIVE

Precision measurements of the Higgs couplings are a major goal for current and
future high energy experiments. Current experimental results provide strong evidence
that the nature of the Higgs boson is consistent with the predictions of the SM.
The measurement of this behavior is entirely dependent on single Higgs phenomena
through precision measurements of the Higgs couplings to the vector bosons and
the SM fermions. On the other hand, the Higgs self-interactions, responsible for
Electroweak Symmetry Breaking (EWSB), still remain undetermined experimentally.
The Higgs self-coupling directly determines the shape of the Higgs potential and
therefore measuring possible deviations of the Higgs self-coupling from its SM value
is a crucial step in understanding the nature of EWSB, electroweak vacuum stability,
and the nature of the electroweak phase transition (EWPT).

In order to investigate the generic features of the trihiggs coupling at the LHC
and a future collider we adopt an Effective Field Theory (EFT) approach [52, 145,
137, 196]. In doing so we assume some possible new physics beyond the SM which
modifies the Higgs couplings and is heavy with, for example, new physics scales
such as Axp ~ TeV. The effects of the new physics are parametrized by higher di-
mension effective operators, and the dimension-six Qy = (HTH)? operator is the
leading operator which modifies the momentum independent Higgs self-couplings at
low energy. The Qg operator remains the only operator related to the Higgs sector
unconstrained by current experiment. In order to motivate this study of the effective

operator Qg we consider ultraviolet (UV) complete models which may generate this
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operator at tree level and therefore with a larger Wilson coefficient. This require-
ment combined with Lorentz invariance then limits our consideration to extended
scalar sectors’. Additionally the new scalar must not be charged under SU(3). as
closure of color indices requires Qi be generated at one loop. Such scalar extensions
of the SM constitute relatively simple scenarios beyond the SM which are also well-
motivated by studies of the electroweak phase transition and baryogenesis [36, 37],
having dark matter candidates [197, 53, 122], or mechanisms for neutrino mass gen-
eration [180, 189, 229, 64]. The complete list of the scalar extensions which generate
a tree-level Qg are real [197, 53, 209, 36] and complex singlets [37], the two Higgs
doublet model (2HDM) [48, 186, 146], real [46, 122] and complex [180, 189, 229, 64]
triplets, and complex quadruplets. Assuming the new scalars in these models are
heavy, we utilize an EFT approach to study their effects on electroweak precision
tests, modifications of the single Higgs couplings, and the di-Higgs production pro-
cess in a model-independent and predictive way.

Many new physics models with SM-compatible single Higgs phenomena could ex-
hibit di-Higgs phenomenology distinct from that of the SM [93, 29]. The modifications
of the Higgs trilinear couplings can only be directly observed in Higgs boson pair pro-
duction, therefore the di-Higgs process at the LHC and future colliders is the only di-
rect way to measure the Wilson coefficient of the effective Q) operator. Alternatively
the trilinear Higgs coupling can be studied indirectly [96, 100, 192, 96, 141, 45, 100].
However our paper will focus on the direct constraints, we discuss the indirect con-
straints briefly at the end of Section 6.1. The di-Higgs production mechanism at
hadronic colliders is dominated by the gluon fusion process which includes the tri-

angle and the box contributions from the top quark. Due to destructive interference

'Requiring closure of spinor and Lorentz indices implies fermions may only generate the Qg
operator at one-loop and vectors may only generate dimension-six-operators with two derivatives at
tree-level.
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between these two contributions, the di-Higgs production cross section in the SM
is typically small and thus challenging to observe in the near future. However, in
the scalar extended models, the di-Higgs cross section may be increased consider-
ably making measurement a possibility at the proposed 100 TeV collider [27, 74]. In
this paper we investigate the di-Higgs production cross sections in the EFT frame-
work, and study the discovery potential of the Wilson coefficients in the EFT at the
proposed 100 TeV collider.

In this chapter

7.1 The Effective Lagrangian

We enumerate all the ultraviolet (UV) complete models which include one addi-
tional heavy scalar which generate, after integrating out the new scalar, dimension-six
operators affecting the trihiggs vertex at tree level. The fermion and vector boson
cannot generate (Qy at tree level because they need loops to close the Lorentz indices
as one can see from Fig. 7.1. HS® cannot generate Qp at tree level, and there is
no representation for scalar S such that HS? become SU(2) invariant. So the only
possibility is to have a interaction term H2S or H3S, The relevant Feynman diagrams
is shown in Fig. 7.2 Now let us find out the all the representations that can contain
H?S and H3S representations. The group theory tell us how to decompose the direct

product of SU(2)p, doublet representations:

202 = 35® 1, (7.1)

20282 = 4¢®2 (7.2)

where the subscript A and S denoted the representation as antisymmetric and sym-
metric. Therefore, we concluded that the scalar S can be singlet and triplet to produce

the H2S and can be doublet and quadruplet to produce H3S. Next, let use find out
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Figure 7.1: A illustration that new fermion and vector mediators can not generate
Hg operators at tree level.

N
I \ /, AN 7/
N\ 7
R x .
I / A\
R 4 N 7/ N\
———+——— 7 \ -—— - -
/ \ | |
' / \ | |
|
(b) Both H3S and H?S () H2S

(a) Only H3S

Figure 7.2: The topologies that can generate QJy at Tree level through new scalar
mediators
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possible hypercharge assignments for these possible representations. For singlet, HH
must be HTH, so the hypercharge of the singlet S must be zero. For triplet, HH can
either be H;H; with hypercharge of the triplet Y¢ = —2Yy (complex triplet) or be
H; H; with hypercharge of the triplet Y5 = 0 (Real triplet). For doublet, the H? must
be Heagger H H%agger, so the hypercharge of the new doublet must be Yg = Yj. For
quadruplet, similar to the triplet case, the hypercharge could be Yg = Yyor3Yy.

For each model we write down the Lagrangians for each UV-model along with
the corresponding effective field theory (EFT) to dimension-six at tree level, we will
only write the new terms in addition to the standard model terms for convenience.
In writing the EFTs we will follow the procedure of Henning et al. [151, 152], the
detailed matching procedure can be found in Appendix. To clarify our notation
and conventions, we write here the general Lagrangian for all UV complete models,

neglecting SM fermionic and gauge boson terms, considered:

L= (D"H)(D,H) - >(H'H) = N(H'H)* + AL (7.3)

Where AL contains all terms containing new fields (in the case of the models we
consider this is one new scalar multiplet of SU(2) which may or may not have hy-
percharge). p? becoming negative signals spontaneous symmetry breaking leading to
the massive gauge bosons of the SM. After deriving the EFTs we employ the Warsaw
basis [145] for the dimension-six operators, translations between the various bases are
included throughout much of the recent literature including a package for relating the

bases [115]. The operators which are relevant to our analyses are:

QH = (HTH)S, QeH - (HTH)(EQRH),
Quo = (H'H)O(H'H), Qur = (H'H)(QurH), (7.4)
Qup = (D*H)'HHY(D,H), Qun = (H'H)(QdrH).
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The fermionic operators should be summed over each generation with an appropriate
Wilson coefficient. In general the fermionic operators can have off diagonal com-
ponents, however for the models considered this is only possible for the two-Higgs
doublet model and we will employ particular choices of the fermionic matrices in
the model to suppress off diagonal components, as is motivated by studies of flavor

changing neutral currents, and therefore assume these operators to be diagonal.

7.1.1 Real Scalar Singlet
The real scalar singlet has Y = 0, it has been studied extensively in the literature
both from the UV complete [197, 53, 209, 36] and EFT perspectives [79, 151, 142].

The Lagrangian, neglecting SM terms, is given by:

2
AL = L(05)(0,5) ~ 3-8~ 45" — gus(HTH)S — 25"~ M5 (152 (75)

After integrating out the S field we find the EFT:

2 2 2
AL P (i - (R0 ) GGy - D Q. (1)
We note that there are corrections to the renormalizable |H|* vertex, which we will
find is a common feature of integrating out scalars in our models, as well as the
dimension-six operators )y and () g which affect the trihiggs couplings. Additionally
the term ggi¢/3/M® appears to be of the next order in the EFT expansion, we will
retain these terms in the text, however in our summary Tables 7.2 and 7.3 we neglect

such corrections.

7.1.2 Complex Scalar Singlet
For the complex scalar singlet we consider the case of Y = 0. While the complex

scalar singlet is technically the same as introducing two real singlets, and therefore
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doesn’t fit our criteria for considered models, we consider it here as it has been
studied extensively in the literature. Some examples from the literature which study
the complex singlet case and its implications for inflation, the electroweak phase
transition, enhancement of the di-Higgs signal, and vacuum stability include [37, 120,

66, 89, 65]. The Lagrangian is then:

AL = (0"®)1(0,®) — M*®* — @ (®° + h.c.)

- (QHS(HTH)@ + h.c.) — (g@g + h.c.) - (%@(@*)2 + h.c.)

A N, A
- <$(HTH)<I>2 -+ h.c.) - %(HTH)@F - (Zcb‘* + h.c.)
N A
200t — ( ZLe(eh)? + hec. (7.7)
4 4
The M’ term corrects the dimension-six operator coefficients with terms proportional

to M'/M which must be small for the validity of the EFT so we neglect them?.

Integrating out ® and ® gives the effective Lagrangian:

oMA M4 M6 Ao

(7.8)

2 2)\/ R 2 by 2R 3 * 2 / 2
AL |9H52| (HTH)2_<|9HS| H® | elgrs H<I>}_ cl9rsy +9H599HS]>QH_|9HS|

Again we induce corrections to the |H|* vertex as well as the effective operators Qg

and QHD‘

7.1.3 Two Higgs Doublet Model
Of the many extended scalar sectors studied in the literature the two Higgs doublet

model is the most well studied, reviews on the status of the model from the UV

2M’ is the parameter which dictates the size of the mass splitting between the components of
the complex scalar field. If M’ were to become large it is possible that the lighter resonances would
enter the low energy spectrum and invalidate our EFT approach. Therefore it is a requirement of
our EFT approach that this parameter be small. For the same reason we will neglect the effects of
Y5 in the 2HDM below.
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L|U|D
Type I: q)g (I)Q q)g

Type IL: | &1 | Oy | Dy
Lepton-Specific: | &1 | $y | Py
Flipped: | &5 | 5 | Oy

Table 7.1: List of Fermion couplings used for various Types of 2HDM.

perspective have a long history (some extensive reviews include [48, 186, 146]), the
two Higgs doublet model has also recently been studied in the EFT framework in great
detail [41, 91, 142] including comparisons between the phenomenological aspects of
both the UV complete and EFT frameworks at tree and one-loop levels [49, 125].
We begin in the “Higgs basis”, where the doublets have already been rotated to a
basis where the physical CP even state is the observed 125 GeV Higgs. This rotation
is performed by rotation of H; and Hj by the angle 5. We follow the notation of [41].
Note the Yukawa couplings are entered generically and later will be recast in terms of
each of the four “types” usually considered to evade flavor changing neutral currents

when we write the EFT. These various types considered are outlined in Table 7.1.

Z
AL = (D*Hy) (D Hy) — M?|Hy|* — Ys(HIHy + h.c.) — 72|H2|4 — Zs|Hy|?| H,|?

7 7%
—Z4(H1TH2)(H5H1) — f(HIHQ)(HIHQ) — %(H;Hl)(Hng)
—Zs|H\ [*(H{H») — Z3 | Hy[*(HY H\) — Z;|HoP(H{Ho) — Z3| Ho|*(HI HY)

- (HQ,inYuuReij + H2,iQindR + H2,iI_JiY2€R + h-C-) (7.9)

The effective Lagrangian for each “type” of 2HDM is then given below. Note we
have neglected terms suppressed by Y3/M? as explained above in the complex scalar
discussion. We adopt the notation cos 8 = cg and sin 3 = sg, where the mixing
angle 3 is the angle which diagonalizes the mass matrices of the charged scalars and
pseudoscalars, to allow us to rewrite the Higgs-fermion couplings in terms of the

mixing angle and the parameter Zg.
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o Type I:

Zs 2vh + h? 2myc 2my,cs = ~ 2mgycg ~
AL = 28 v2my SLHen + uQHluR + MQHldR + he.
M2 2 V83 VS5 vS3

|Zﬁf2 1
—5Qn + 7 (4 — Fermi) (7.10)

o Type II:

M2 2 ve 8 85
!ZGIQ

Ze 2 2 2 _
Ar = ZoZvhth ( V2uss fm“cﬁQHlu \/_:CMSBQHldeLh.c.)
B

@ + % (4 — Fermi) (7.11)

e Lepton Specific:

Zg 2 2 2 _
AL — 26 vh+ h ( \/_77’L15,6’L]_I1 e, \/_mucﬁQHl MQHldR—i—hC)

M2 2 veg V83 V83
|Zs* 1
+ e Qu + e (4 — Fermi) (7.12)

e Flipped:
Zg 20h + h? u 2 ~
AL = 6 Svh + \/_mlCBLHl € \/_m CﬁQHluR m@]’.ﬁd}Qﬂ‘hC
M2 2 V83 vSg3 veg
Ze|? 1
1%l @i+ 5 (4 — Fermi) (7.13)

We see that the 2HDM only induces one purely bosonic operator, Q g, at leading order

in Y3/M?, and induces various combinations of rescalings of the Yukawa couplings,

the operators Q.gy, Quy, and Quzy. The only difference between the various

realizations of the 2HDM considered are differences in the weight of the fermionic

operators, i.e. by tan 3 or cot 5. To make manifest the mass dependence of the Higgs
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couplings to fermions above we have expanded the fermionic dimension-six operators
(in the unitary gauge for convenience) to recast the couplings of H; to fermions in
terms of their masses, Zg, and the mixing angle #. In particular the first line of
each expression indicates the shift of the Higgs-fermion couplings relative to the SM

prediction,

\/_m

‘CHWﬁ = (714)

Another unique feature of the 2HDM effective Lagrangians is that they also contain
4-Fermi operators. These are not relevant to our analysis and, as they are weighted
by the square of the Yukawa, are unlikely to have large Wilson coefficients except

possibly in the case of the top quark which has Y; ~ 1.

7.1.4 Real Scalar Triplet

The real scalar triplet model [46, 62, 67] has been studied in the literature with
ambitions of making the electroweak phase transition first order, e.g. in [162], with
the possibility of the neutral component being a dark matter candidate [122], as well
as from an EFT point of view in [177, 151].

The relevant Lagrangian is given by,

1 1 A 1
AL = E(DM(ID“)Q—§M2<I>“<I>“+9HTT“H(I>“—%(HTH)CI)“@“—Z)@(CI)“Q)“)Q. (7.15)

Integrating out the heavy triplet then gives the effective Lagrangian:

2 2 2 2
9" AHa

AL = #(HTH) 5 M4QHD S M4QHD+2 M4(HTH)(D H)! (D" H) =220 Q.
(7.16)

It is convenient to make a change of basis here, we may exchange the operator
|H|?(D,H)"(D*H) for the other dimension-six operators at the cost of an error of
the next order in the EFT (i.e. O(1/A*)). While it is frequently simpler to maintain

the basis obtained after integrating out the heavy states [241], for the sake of this
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work which will consider many UV completions and their effective field theories we
choose to project onto a common basis. Discussions of the validity of this method
including proofs of the invariance of the S-matrix can be found in [216, 135, 28, 235].
We perform the change of basis by using the Higgs equation of motion, scaled up to

dimension-six through multiplication by additional Higgs fields,

(HVH)(D"H)(D,H) = A (HUH) + JQuo+ 20

+%(Y2Q1H + YyQuarr + YuQur + h.c.) + O(1/A*)7.17)

labeleq: EOMH where we have called the renormalized (HTH)? coupling, Ag = A +
g%/8/M? with X\ the (HTH)? coupling of Eq. 7.3, yielding the new form of Eq. 7.16:

)\H(I’
AT Qup+ 8M4QHD -3 (? -

YiQuu + YaQam + YuQuu + h.c.) .

2 2 2,2

g 1 g-v 9

AL = 9p (é - 2M2_16M4) (HH)” -
g

4M4(

Consistent with our other examples we have again generated the () and Q) g opera-
tors, however interestingly we have also generated the (Qgp operator which will have

important phenomenological implications which we discuss in Section 7.2.

7.1.5 Complex Scalar Triplet
Charging the Scalar Triplet under hypercharge, ¥ = —1, has important uses in

the Type II seesaw [180, 189, 229, 64]. The relevant UV complete Lagrangian is then,

A
AL = |D,®? — M0 + (gH ioyr* HO® 4 h.c.) — ﬂ|H|2|c1>a|2
N 1 1
—Z(HTTaTbH)CI)a(@b)T — ZA<I>|c1>a|4 — ZAQDTr[T%bTCTd](<1>a)T<1>b(<1>C)Tc1>d.

(7.19)
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Integrating out the heavy complex triplet yields the effective Lagrangian,

1gl* !9! \9\2 gl (Ame N
AL = H'H)? H'H)(D"H)'(D,H) + L N

(7.20)
which after applying the equation of motion from Eq. 7.17 (notice here A\g = X +

|g%|/2/M?) gives the final form for the effective Lagrangian:

g (1 W |g|*? lg/? l9/?
AL = p s ap o ) ) + gy aQuo+ @
2 /A N 2 ?
——’J\g/jt (—T + s _lgl > Qu + 2|?\|44 (YiQim + YaQan + YuQun + h.c.)

(7.21)

This effective Lagrangian and the effective operators it contains are consistent with

our expectations from the other models, particularly the real scalar triplet.

7.1.6 Quadruplet with Y = 3Yy
For the two quadruplet models we follow the notation of [158], the UV Lagrangian

is then given by:

AL = (D' (D, ®;j1) — M*®* %D — (Apse H*HY H*®,j), + h.c.)
_)\HQcIDQH*iHi(I)*lmn(I)lmn - A}]Q@QH*iCDijkq)*jlel o )\<I><(I)*ijkq)ijk)2

—\p (O Dy, DDy Y (7.22)

Integrating out the quadruplet leads to the simple EFT,

2
Ap = Pl (HYH)? . (7.23)

113



Note that for a quadruplet we expect a contribution to the T-parameter. This oper-
ator does not occur at dimension-six, but does at dimension-eight. Deriving only the

dimension-eight operator contributing to the T-parameter yields:

6| A\ 3a |2

or = 2

|\H'D*H|*|H|? (7.24)

Here we have confirmed the sign of [90]. We will see in the case of Y = Yy we obtain

a different sign from this work.

7.1.7 Quadruplet with Y =Yy

The UV complete Lagrangian is given by,

AL = (D'®*F)(D, ;1) — M*®* %D — (A pae H* @y H ¥ Hy + h.c.)
_)\H2<I>2H*iHi(I)*lmn(I)lmn o AIHQ(I)QH*i(I)ijk(I)*jleZ o >\<I>(q)*ijkq)ijk)2

—\p (D* KDy, DDy ) (7.25)
Again we find a very simple EFT to dimension-six:

)\ 2
AL = ’;\’4—3?(}1*}1)3 . (7.26)

which we supplement with the dimension-eight T-parameter operator.

2\ m3s |2

or =2

|\HTDMH || H|? (7.27)
This expression agrees with [90] up to a sign. As the sign of the dimension-eight
T parameter operators in each quadruplet model come purely from the covariant
derivative term of the Lagrangians (other contributions cancel) they should be the

same in both Eqgs. 7.24 and 7.26.
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7.1.8 Summary of EFTs

Finally after deriving the corresponding EFTs for each model we may construct
a table with the Wilson coefficients for each operator for each model considered. We
summarize the renormalization of the (HTH)? term in Table 7.2 and the Wilson co-
efficients of the dimension-six operators in Table 7.3. While it appears that of all the
theories the 2HDM is the only which does not generate a correction to the renormal-
izable (HTH)?, this is a reflection of neglecting terms suppressed by Y3/M?, these
corrections are generated first at O(Y3/M?). Unsurprisingly neither the 2HDM nor
the two singlet models generate Qg p, also referred to as the T-parameter operator as
they are known not to shift the relation between the W- and Z-masses. It is, however,
expected from studies of the dynamics of the triplet models below EWSB that the
triplet models considered in this work correct the T-parameter. This is consistent
with our findings in Equations 7.18 and 7.21. In the case of the quadruplet we found
they were unique in that at dimension-six they generate only one operator, (g, and
that the T-parameter operator was generated at dimension-eight. Additionally, as
there are no allowed tree level couplings to Fermions in any of the theories except
the 2HDM none of the other theories generate the fermionic operators, however after
trading the operator (H'H)(D*H)"(D,H) in the triplet models via the EOM we do
generate the fermionic operators for the two triplet models.

The case of the quadruplets is particularly interesting as studies which indirectly
probe the Higgs self coupling, such as [96], only allow the SM coupling A to vary. Our
work indicates that, within the assumptions of our EFT?, such a study corresponds to
a very specific UV complete scenario, in the case where one expects the NP to come

from dimension-six operators this corresponds to the quadruplets. In the case of the

3For example relaxing the assumptions of a single new multiplet one could envision a scenario
with multiple quadruplets in which the T-parameter bounds may be evaded allowing for a sizable H®
operator coefficient and no other operators at dimension-six. In the case where only the H® operator
is generated the indirect constraints may be more stringent than those of di-Higgs production [141].
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Theory: ARF=A+ -
R Singlet 3%4%
C Singlet ‘gﬂ—%'z
2HDM 0
R Triplet (v =0) | & (4 - 2%)
C Triplet (Y = —1) |]\94—|z (% - %’j)
C Quadruplet (Y =1/2) 0
C Quadruplet (Y = 3/2) 0

Table 7.2: Summary of the tree-level renormalization of the (H'H)? operator in the
effective field theory. Arr indicates the final renormalized (H'H)? coupling (i.e. after
shifting the operators by the EOM) including A from Eq. 7.3. In this Table, as
mentioned in the text in the Real Scalar singlet discussion, we neglect terms which
are of O(g*/M?®).

quadruplets the shift in A due to the effective operators is restricted to be extremely
small since the same UV parameter that generates the operator Qi contributes to
the strongly constrained T-parameter. This demonstrates that indirect probes of
the Higgs self coupling which don’t vary other Higgs couplings are incomplete or
correspond to specific UV completions which do not satisfy the criterion of the UV
complete models considered. Other studies which vary these additional couplings
of the Higgs such as [100, 192] indicate the bounds on the Higgs self coupling are
weakened or even lost without the inclusion of the direct di-Higgs probe.

It is useful to project these effective Lagrangians into Lorentz forms relevant to
the di-Higgs analysis performed. We do so here, from the perspective of arbitrary
Wilson coefficients, when the final analyses are performed we use the expressions for
the Wilson coefficients expressed in Table 7.3. We assume that only the heaviest

generation for each fermion has a non-negligible contribution to the EFT. Starting
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from the effective Lagrangian,

L = (D'H)(D,H)+ |pl*(H'H)

Arr(HTH)* 4+ cyQu + cuoQuo + cupQup + CerrQerr + CurrQuir + cal@29)

we can proceed to expand the operators to find the relevant Lorentz forms. Here we
have used Agr to represent the final renormalized coefficient of the (H'H)? operator,
the expression for Agr may be found in Table 7.2 in terms of A\ of Eq. 7.3 and
the parameters of each UV-model. This involves finite field renormalizations as the
operators QQpo and QQyp both alter the Higgs kinetic term below EWSB. Details of
this procedure may be found in, for example, [77, 78, 22]. Below EWSB expanding

out the Lorentz forms we find (employing the unitary gauge):

L = QS)ZZhZMZM + gHWWhW:Ww + QSLHh?’ + gS}{Hh(ﬁuh)(a“h)
+ (gHehéLeR + gHuh’L_LLUR + nghCZLdR + hC) + (gHHuh2ﬂLuR + hC) + -

(7.29)

« 7

Here indicates the various operators and Lorentz forms which have no impact
on our analysis. The coefficients of the terms in the Lagrangian of Eq. 7.29 are given

by:
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02
gaww = 2m12/v(\/§GF>1/2 [1 — Z(CHD — 4CHD)]

U2
9HZZ = WQZ(\/ﬁGF)l/Q |:1 + Z(CHD + 4CHD)]

M my e [, Y7 4
Innn = _T(\@GF) 1= - (enp —denn + —cn) (7.30)
RF
1
2
gl(LI%{H = W(CHD — 4epn)
v? Conv?
gy = —my(V2Gp)'? {1 - Z(CHD — 4CHD):| + % :
B 3CuH U
9HHu — 9 \/§ .

Note in Eq. 7.30 we have introduced m,, and cym as placeholders for the relevant
fermion type (i.e. e, u, or d), and in this analysis we only consider couplings to the
third generation of each. We have only included gy g, and its corresponding operator
as only the top quark h?1) operator will have an effect on our analyses as it is
proportional to the top-quark Yukawa coupling which is the only large Yukawa in the
SM. It is possible to remove the gg}{H operator by a field redefinition of h, however
as pointed out in [212] removing this operator by a field redefinition of h (not the full
doublet H) requires a nonlinear field redefinition which may prove to make one loop
calculations difficult and if done incorrectly gauge dependent. Therefore we retain the
gg{ y coupling in favor of easier comparison with other works, such as those which

study globally the constraints on the h® coupling via one loop dependent processes

182, 95, 96, 141, 45, 100].

7.2 Higgs Coupling Measurements at the LHC

In this section we consider important constraints on our EFTs in Section 6.1. We
begin by considering the constraints from electroweak precision data along with a
discussion of the loop order at which the S- and T-operators are generated either

explicitly via integrating out at the mass scale of the extended scalar sectors or via

119



operator mixing in the EFT while running down to the Higgs mass scale. Next we
introduce the effective hyy coupling in order to add an additional constraint to our
global fit to single Higgs processes. Finally with our precision constraints on the
EFTs we project these constraints into the UV complete models parameter spaces,
this is especially useful in helping to limit the size of the cy coupling which is partially

dependent on the same couplings as the h~y~y effective coupling.

7.2.1 Electroweak Precision Measurements
Electroweak precision data (EWPD) provide very strong constraints on the Wilson
coefficients of effective operators. We note that the operator QQgp contributes at tree

level to the T-parameter, while the operator,
Quwp = H'B"W,, H , (7.31)

contributes to the S-parameter at tree level. However, the only operators contributing
to EWPD that are generated at tree- or one-loop level in our theories are Qg and
Qup the operator Qg p is only generated at two-loop or higher order. From Jenkins
et al. [166, 165, 22] we have the elements of the anomalous dimension matrix for each

of these operators:

. 27 .9 40
ey = <——g§ — —gf> ey + A {—gich + (—6g5 + 249?3/2)%9] +---

2 2 3
, 16 20
¢mn = - (493 + ggfyi) cHn + 5 gYhcHp + - (7.32)
. 80 9 10
CHD = ?g%yicHD + (593 - ggfyi) cgp + -
. 9 1 20 43 4
CHWB = 6919§CW + {—2929% + 593 - (_5 - g”g) 9% - (E - g”g) 93} CHWB
+491929ncup + 491929ncaw (7.33)
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Where we have introduced the U(1)y, SU(2)., and SU(3)¢ couplings g1, g2, and g3
respectively, ng is the number of active generations at the relevant energy scale, the

operators corresponding to the wilson coefficients ¢y, cgp and cyy are given by,

Qw = ePWrWirwie,
QHB = (HTH)BMVBMV’ (734)

_ t i iUy
Quw = (H'H)W, W",

and “ - -7 represents other operators not generated at tree-level in our EFTs. The final
line of Eq. 7.32 is included to indicate that cgyy g is not generated at 1-loop by operator
mixing and therefore must be generated at two- or higher loop order. However, the
T-parameter is generated at tree-level by the triplet models, and one-loop by any
theory which induces cyp (namely all but the 2HDM). In the quartet models, since
the only dimension-six operator is the H® operator, there is no contribution to S and
T from the H® operator. However, the T-parameter can be generated at tree-level by
dimension-eight operators.

Including both the one-loop and running effects we have for the S and 7" param-

eters (see e.g. [20] and [77]):

1 €2 M?
alAS = 259Wc@wv CHWB — 6 ¢ [4@ CHO log( ) + - } , (7.35)
m

2
H
1, M?
aAT = 5 4 5 16 {21} cHglog< %{) —1—} : (7.36)
Again we have used --- to represent operators generated at higher loop order in

our theories. For the quadruplet models, the dimension-eight operators generate the

following T-parameter

aAT

12

——Cr8, (737)
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where we have defined the Wilson coefficient cpg to be the coefficient of the T-
parameter operator at dimension-eight. This coefficient crg is then given by,

2 gsel?

6| gsel?
="

& CTS*Ta

(7.38)

for the Y = Yy and Y = 3Yy quadruplet models respectively. Note that the co-
efficients cpg depend on the same quadruplet parameters as the operator H®, and
therefore the Wilson coefficient of H® is also strongly constrained through this corre-
lation.

From GFitter [31] we have the central values of the S and T' parameters with

correlation matrix p as follows,

S 0.06 + 0.09 1.00 0.91
= ., p= i (7.39)

T 0.10 £ 0.07 0.91 1.00
When considering all of the operators discussed above one may perform a sophisti-
cated fit to the EWPD of the many operator coefficients (see e.g. [116]), however
for our study we need only consider cy and cyp as discussed above. Therefore per-

forming a simplified chi-square fit relevant to our EFTs, we obtain constraints on the

Wilson coefficients (cyp, cyn):

v’cyp —0.003654 £ 0.002677 1.00 —0.97
= , p= . (7.40)
vienn 8.935 £ 9.086 —0.97 1.00

We note that cyp is tightly constrained while ¢y is not as its contribution to S and

T is generated at one-loop.

7.2.2 Higgs Diphoton Rate
In Section II, only the leading tree-level effective operators are written when in-

tegrating out the heavy scalars. The leading effective operators which contribute to
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the Higgs diphoton signature are not included in our framework as they originate
from the one-loop contributions. However because of the precision of the H — v
measurements we will include them in this section. Note that after integrating out
the heavy scalars at one loop one may expect contributions to the H — v coupling

from the following gauge-invariant dimension-six operators,
Lty = cup(H' H)B" By, + cyw (HTHYW"*'W,, + cywp(H T H)W,,,B*  (7.41)

However, since we are only interested in the diphoton rate, and not in corrections
to the h — ZZ and h — WW rates we may simplify the calculation of the Wilson
coefficients by only considering one effective operator in the broken phase:
Lo — %CW%FWFW (7.42)
The general Higgs diphoton Wilson coefficient ¢, for new scalars and fermions
at one loop may be found in, e.g. [103]. For the UV complete models considered
in Section 6.1 we find the wilson coefficients in Table 7.4. As mentioned in the
previous section the Wilson coefficients of the Quadruplet model are all proportional
to the parameters contributing to the T-parameter. As such we will not consider the
Quadruplet models for the rest of this section.

Finally the diphoton rate relevant to our models is,

2 3
a*Grmy, | 5o

_ 2
F(h - 77) 128\/§7T3 C’y'y + CV’Y| ) (743)

Where we have defined
SM = Z N jQ3 A1 2(7y) + Ar(Tw), (7.44)

f:t7b7T
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Model Coy

(R & C) Singlet, 0
V2 1 2m?2
2HDM e (§ + ﬁ)
R Triplet (Y=0) %AH@ (% + 4:25:7;%2)

2 ’ m?2
C Triplet (Y=-1) | %% (5Awo + ) (% + 4251\5{2)

Table 7.4: Wilson coefficient c,, for each UV Complete model in Section 6.1.

as the SM part of the h — v+ width taking into account shifts in the couplings of the
Higgs to the t-quark and W-bosons due to the effective Lagrangian of Eq. 7.29. Here
the loop functions A;/5(7) and A;(7) are defined in Ref. [103].

7.2.3 Higgs Global Fits
The Run-I Higgs measurements [8, 58, ?, 173| provide constraints on some Wilson
coefficients in the effective Lagrangian. For convenience we reproduce our effective

Lagrangian below EWSB here:

L = g hZ 2" + guwwh W, W+ g\ h® 4 g\ h(8,h) (9" h)

- h
+ (gHehéLeR + gHuh'L_LLUR -+ nghdeR —+ hC) -+ C,W%FNVF/W . (745)

The corresponding Wilson coefficient dependence can be found in Eq. 7.30 while the
Wilson coefficients for each model can be found in Tables 7.2, 7.3, and 7.4. We note
that the modified Yukawa coupling of the top-quark also causes a shift the Higgs-

digluon effective coupling which we have taken into account in our analyses.

oxXAxe
[ox Axe]SM

These Wilson coefficients contribute to the Higgs signal strengths p =
extracted from the Higgs coupling data, where A x € is the product of the acceptance
and the efficiency. Since the Higgs discovery global fits to the effective operators

relevant to Higgs physics have become an important area of research [77, 75, 76]
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Figure 7.3: The 1, 2, and 3 o level profiled contours between v*(cgp — 4cyn) and Corys
given that other operators are fixed to be the local best values.

and recently they have gone beyond simple inclusion of signal strengths to inclusion
of kinematic variables and off-shell measurements [80, 54]. They have also been
considered in scenarios where EWSB is not linearly realized [50, 81, 51]. However for
the sake of our analyses we require a much smaller set of effective operators, therefore
we perform a simplified global fit to the Higgs signal strengths p; using the program
Lilith [42].

In Lilith, all the Run I LHC Higgs measurements [8, 58, ?, 173| are taken into
account, and a likelihood statistical procedure is performed to obtain the constraints
on the signal strengths. It is based on the assumption that the Higgs measurements
are approximately Guassian and thus the likelihood function L(u) could be simply
reconstructed. Under this assumption adapted by Lilith, the —2log L(u) follows a x>

law for each observable,

N 2
~92log (1) = (“ZAM%) , (7.46)

where [i; is the theoretical prediction of the measured Higgs signal strengths p; with

Gaussian uncertainty Ay;. The full likelihood L(p) = []; L(x;) is defined as
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—2log L(p) = x*(p) =

(n—= @) C™H(p = ),

(7.47)

where C! is the inverse of the n X n covariance matrix, with Cj; = cov|[i;, fi;].

Then the constraints on the signal strengths are recast as bounds on the Wilson

coefficients. We perform a global fit on these Wilson coefficients (cyp, cuo, ¢y, Cinr)

with ¢ = ¢,b, 7, and then project our results into the sub-space in each scalar model.

First we perform the six-parameter fit, and obtain

1.00
0.60
0.40
0.21
—0.26
—0.48

2

v? % copy —0.02224 + 0.4609
v? %y —0.111 4 0.5933
vikcy || 0.02993 404859
e || 01399+ 06514
0% * ey 0.02283 4 0.2255
.y —0.3373 4 2.028
0.60 040 021 —0.26 —0.48
.00 038 019 043 —0.47
038 1.00 029 —0.11 —0.46
019 029 100 019 —0.39
043 —0.11 019 1.00 0.16
—047 —0.46 —0.39 0.16  1.00

, (7.48)

where p is the correlation matrix for this global fit. These Wilson coefficients are

typically small due to suppression by J\Z—ZQ However from Subsection 7.2.1 we know

we must also consider the EWSB constraints. Assuming equal weight and combining

with the constraints coming from the S and T" parameters, we find that C'yp is very

tightly constrained:
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0% Copy —0.04967 + 0.4551
0% % ey —0.121 + 0.5917
V2% Cry —0.003816 =+ 0.4722
renn || —0.0004666 + 0.0003861 |
0% % e 0.02302 + 0.2184

Cyry —0.1513 + 1.891

1.00  0.58 035 0.07 -0.32 —-0.43
0.58 1.00 0.35 —-0.08 0.39 -—-0.44
035 035 1.00 0.04 —-0.18 —-0.40
0.07 —-0.08 0.04 1.00 —-0.20 —-0.05

-0.32 039 -0.18 —-0.20 1.00 0.27

-043 —-0.44 -0.40 -0.05 0.27 1.00

We also obtain that v? * (cyp — 4egn) = —0.09256 + 0.8731, which by Eq. 7.30 we

see is a very important constraint on both the momentum dependent and momentum

scalar

independent tri-higgs couplings. In Figure 7.3 we show the v*(cgp — 4egn) % (G

plane where we have marginalized over the parameters not shown.

We see from Figure 7.3 that the independent constraint on ¢, provides an impor-
tant constraint in the space of Wilson coefficients which will translate to a constraint
on the various four scalar couplings of the UV models and therefore through their cor-
relation with the Wilson coefficient ¢y on the affects of the Qi operator. We project
these constraints in the EFT framework onto the UV complete model parameters in

the next subsection.

7.2.4 Implications for the UV Physics
In the global fitting procedure, all the Wilson coefficients are assumed to be in-
dependent. We know from Section 6.1 that in the specific scalar extended models

some Wilson coefficients are correlated and some Wilson coefficients may be absent
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Figure 7.4: In the upper left panel, the log likelihood vs the coupling g/v/2M? (g/M?)
in the real (complex) singlet model. In the others, we show the 1, 2, and 3 ¢ contours
on the model parameters in the Type-I 2HDM (top right), the real triplet (bottom
left) and complex triplet model (bottom right). The colored contours show the log
likelihood values in the global fit. The blue dashed lines denotes the perturbativity
bounds of the dimensionless scalar couplings: +4.

altogether. These correlations and absences may be seen in Table 7.3. Therefore, it
proves useful to recast the global fit results to obtain constraints on the UV model
parameters in each model.

We perform the global fit using the Lilith program in each scalar extended model.
In Fig. 7.4, we show the 1, 2, and 3¢ contours on the model parameters in the real
and complex singlet, Type-I doublet, and complex/real triplet models. At the same
time, we also show the central values and errors for the model parameters in Tab. 7.5.
These plots exhibit similar features. First, the Higgs-Higgs-scalar coupling g/M? or

Zg/M? is constrained to be O(0.1 — 1) by the Higgs gauge boson couplings in the
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singlet and doublet models, while in the triplet models the T-parameter puts tighter
constraints on the parameter g/M?. Secondly, for the doublet and triplets, the Higgs
to diphoton rate puts additional constraints on the couplings which contribute to the
cy. Converting to the couplings in the UV model, we are not further able to constrain
the Higgs-Higgs-scalar-scalar couplings of the triplet models Ayg and X', because the
constraints shown in Fig. 7.4 and Tab. 7.5 are very loose. Even the perturbativity
constraint, shown as the blue dashed lines in Fig. 7.4, is tighter than the constraint
from the global fit. So to place constraints on the Wilson coefficients of ()5 for the
2HDM and triplet models, we have to rely on di-Higgs collider constraints. Finally,
we note that although the global fit cannot constrain the renormalizable Higgs self
coupling ), it is able to constrain the dependence of the h(9h)? effective coupling
indirectly. We have neglected to project our global fit into the parameter space of the
quadruplet as it is so strongly constrained by the T-parameter and the triplet serves
as an example of the affects.

While these indirect constraints on the UV models from the global fit are interest-
ing and useful for our di-Higgs analysis in the following section, stronger constraints
may of course be found in UV complete considerations of these models. The ability to
loosely constrain numerous models at once from simple Higgs global fits is nonethe-
less intriguing and (especially in the advent of a significant deviation from the SM
expectation) a useful way to direct UV complete searches of greater depth in the

future.

7.3 Di-Higgs Production at the 100 TeV Collider

Three different topologies of Feynman diagrams of the pp — hh process via the
gluon fusion production are shown in Fig. 7.5. Due to the destructive interference
between the triangle and box diagram for the di-Higgs production in the gluon fusion

channel, it is believed that at 14 TeV LHC with 3 ab™' luminosity, the triple Higgs
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coupling —gg}{H/)\SMU would be constrained to only [—0.8,7.7] at 95% CL [5]. In
all models considered in this article, the Wilson coefficients of the |H|® operator
cannot be chosen arbitrarily large. Based on the considerations of the validity of EFT
and perturbative constraints, we estimate the value of the modified trilinear Higgs
coupling to be within the range (—0.1Asm, 2Asm), and take the cutoff scale to be 2
TeV. The higher the cutoff scale, we expect the narrower range of the trilinear Higgs
coupling. On the other hand, at a 100 TeV collider with 30 ab™! luminosity, the SM
value of the triple Higgs coupling can be measured with around 10% uncertainty [74],
and even around 4% based on the latest study [231]. Therefore, we expect that 100
TeV collider provides a good opportunity to explore the Wilson coefficients cy in

various models we have considered?®.

7.3.1 General Formalism on Di-Higgs Production
In our EFT framework, the effective Lagrangian relevant to the di-Higgs produc-

tion is

L = guhuh® + g5uh(9,h)(9"h)

+ (gtHhELtR + nghl_)LbR + gHchhthR + gHthhELbR -+ hC) 3 (750)

where

4Though in 2HDM the modification of the Wilson coefficient c;zr (not yet constrained tightly)
can be large enough to modify the di-Higgs production cross section to give some evidence in 14
TeV LHC, yet other models we considered definitely need the help of 100 TeV collider to probe, due
to small or zero c;p.
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Figure 7.5: Different topologies of the gg — hh process via the gluon fusion produc-
tion.

2 4
QS}IH = —Asmv |1 — —(cyp —4decpn + —cu) |, (7.51)
4 ARF
it = vlcup — demn), (7.52)
2 2
My, (% CyHV
= —— |- —4 7.53
JyH " [ 1 (cup CHD)] + ok ( )
3cyv
- 7.54
JHHy 2\/§ ( )

with the SM vacuum expectation value v = W and the SM dimensionless

2(
coupling Ay = vV2Gpm?. From the above Lagrangian, we note that in the Warsaw
basis, in addition to the SM trihiggs couplings, we also have derivative triple-Higgs
couplings, which may contribute differently to the distribution compared with solely
non-derivative couplings.

According to Fig. 7.5, the parton amplitude of the di-Higgs production g(p1)g(p2) —

h(ps)h(ps) via the gluon fusion process is

Qs59°° gutv g(l) 3m? 2 5+2m2 20°?
M - _=s HHH H (2 o, U AR
hh A2 (Pl) (pz) { ( m, v d— mfi gHHHv—((§ — m%{ + o JHHt N
gHt F A/J,l/ gHt JHtZ o Buy} (755)
mt mt
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where the Lorentz structures are defined in Eq. 3.3 and Eq. 3.4 and Fa, F, and G
are the form factors for triangle and box diagrams which can be found in Ref. [215].

Correspondingly, the differential cross-section for di-Higgs production is given by:

dsdt - S

do(pp — hh) 1 5 2\ IMpl?
99 S? \/; 327T§ ) (756)

where S is the center-of-mass energy squared of the proton-proton system, s = (p; +

p2)?, t = (p1 — p3)? and the parton luminosity function is defined as

Ld
Lontvenr) = [ bl ), (7.57)

with f,/, the gluon distribution function, and pr the factorization scale. As we have
previously noted, the triangle diagram and box diagram interfere destructively and the
smallest cross section is obtained when gg}{ /v &= —2.5\g) assuming no derivative

interaction and no corrections to the quark-Higgs couplings. Due to this fact, the

variation in the gluon fusion to di-Higgs cross section about the SM value of g%{ g =

. . 1 .
—Aspmv is not symmetric. When gl(q}{ y decreases, the total cross section decreases,

till gg}{ i reaches —2.5\gy. Any further decrease in gggq  Tesults in increasing of the
cross section with respect to its minimum value at 92}{ /v &~ —2.5\g) eventually

surpassing the SM value for gS}IH values lower than —5Agp;. On the other hand as

. S . .
gl(q}{ y increases from zero, the total cross section increases. In our case, the situation
is more complicated, we now have both an additional vertex and corrections to the

quark Higgs couplings.

7.3.2 Di-Higgs Cross Section
In Figure 7.6 we show the cross section contours of the pp — hh process in the
(g%{ ulv, gSLHv) plane with three different values of ¢;r. To evaluate the range of

trihiggs couplings gg}m/v and gg}mv, we first use the Eq. 7.30 and Table 7.3 to
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Figure 7.6: The ratio of the cross sections of the pp — hh process to the SM di-Higgs

cross section denoted by the dashed blue contours in the (g;}}qm g%{H) plane, the

plots from left to right correspond to three different value of ¢,z = 0, 0.4, —0.4. We
adopt the NNLL matched NNLO SM di-Higgs cross section: 1.75 pb [74].

express the two couplings in terms of the parameters in the UV model, then varies
the dimensionless parameters in the UV models within the range +47, couplings with
mass dimension to be in the range +1 TeV, and the cutoff scale are set to be 2 TeV.
These values are chosen such that our EFT matching procedure is valid (dimension-
eight operators will not be enhanced by the factor g?/M?) and the contribution of the
kinematic region larger than cutoff scale to the total rate is negligible due to the sup-
pression of the parton luminosity. After these consideration, we choose relatively loose

ranges for the two couplings: gg}{ g C

(—0.36,0.07) and ¢\2),,, C (—0.015,0.015).
For ¢,z = 0, the anomalous Higgs fermion coupling gy g in Eq. 7.54 vanishes and
the corrections to the quark Higgs couplings are proportional to cygp — 4cyp. In such
a case, only the first triangle and box diagrams of Figure 7.5 contribute to the cross
section with approximate SM quark Higgs couplings. Hence, one can find that, along
the positive vertical direction, given a fixed value of ggq 17, the cross section increases.
Along the gg}{  direction, one can find that a positively increasing value of gg}{ g will
lead to an increase in the total cross-section. This can be understood from Eq. 7.55,

(2)

where we observe that, with a positive g;;5, the second term inside the bracket in

front of the Fa which is induced by the derivative interaction will add destructively
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with the first term which is induced by the ordinary triple Higgs interaction, such
that the effect of destructive interference between the box and triangle diagrams is
alleviated.

In the case of ¢y = 0.4, the cross section increases significantly when compared
with the cross section for ¢;y = 0, this can also be understood from Eq. 7.55 and
Eq. 7.53: The positive ¢,z will decrease the magnitude of ¢,z and also gives a new
positive term generated by tthh vertex, which will alleviate the destructive interfer-
ence. In the case of ¢;g = —0.4, the cross section will reach some minimum value

between gg}{ y/v = —0.1 and —0.15 due to the destructive interference. Below the

miminum points, for a fixed gg}{ > increasing gg}{H will decrease the cross section,
because at this point the amplitude from the triangle diagram becomes dominant,
increasing gg{ g Will decrease the magnitude of the term inside the bracket in front

of the Fa, thereby decreasing the cross section.

7.3.3 Monte Carlo Simulation and Validation

In order to perform our simulations we begin by using FeynRules [21] to generate
an UFO model file adding the effects of the dimension-six operators in Eq. 7.50.
We then modify the model file to include the full triangle and box form factors as
computed in [124]. Then we implement MadGraph 5.2.4.3 [24] to generate events.
We use Pythia 6 [237] for the parton shower and the FCC card in Delphes 3.4 [230]
for simulating the detector. The following analysis is only concerned with statistical
uncertainties as the systematical uncertainties are unknown at the moment. When
taken into account they will lower the significance levels given in this section.

We refer to the cuts applied while generating the events in MadGraph/Delphes as

preselection cuts in the Table 7.6. They are as follows®:

For bbyy and bbjy events, we also implement the 50 < mp, < 250GeV and 90 < My ,y <
160GeV to increase the efficiency of the sample, and we found that the events outside these cuts
contribute negligibly to the final results.
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|77ij77| < 2.9, ARjj’j'y > 0.4, pTﬂ, > 20 GeV, pT’7 > 10 GeV (758)

Important irreducible backgrounds consist of Z(bb)h(yy), tth(y7y), bbh(yy), bbyy
production. Apart from these, there are bbjvy, jjv7y, c¢yy and bbjj channel that can
potentially have a contribution to the background. Jet fake rates to photons are
taken to be 0.012%, while jet and charm mistagging rates to bottom quarks are taken
to be 1% and 10% respectively [92]. The backgrounds can be greatly reduced by
vetoing extra jets, i.e., by demanding exact two b-tagged jets in each event. This is
particularly helpful in reducing the tth background. Applying a Higgs mass window
cut of 112.5 < my, < 137.5 GeV, to the invariant mass of b-jets results in a large
reduction in the Zh background due to exclusion of the Z-peak region.

The Higgs mass window cut for the di-photon invariant mass is sharper than that
for the invariant mass of b-jets and helps to reduce the background in all the channels.
Furthermore, from the normalized distributions for b-jet-pair py and di-photon pz in
Fig. 7.7 indicate that the signal is favored for pr values larger than 150 GeV and
140 GeV respectively. Therefore, we further apply these cuts in order to enhance
the statistical significance. The resulting efficiencies and cross sections at each stage
due to these cuts in our analysis for leading backgrounds and three benchmark (BM)
points for the signal are tabulated in Table 7.6.

We first investigate the sensitivity of the trilinear Higgs coupling Agypg = — g%}{ /v
in the absence of the derivative Higgs coupling gg}{H In this case, we recover the
scenario widely discussed in the literature: how to probe the deviation of the A\gpyy
from its SM value Agps at the future collider. Compared with the work in [39], we
obtain comparable significance of about 8.25¢ for the SM di-Higgs production for
luminosity of 3 ab™!. This corresponds to the significance of ~ 260 for 30 ab™! as
can be seen from the black line in the left panel of Fig. 7.8, where we plot the S/v/B

for 30 ab™! and zero derivative interaction.
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Figure 7.7: Normalized distributions for b-jet-pair and di-photon pr for signals and
various backgrounds as described in the legend. Solid histograms correspond to differ-
ent signal benchmarks (BMs) considered. Dashed histograms correspond to various
SM backgrounds as indicated in the legend.
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Figure 7.8: Left panel: The significance of the di-Higgs process as a function of the
trilinear Higgs coupling A\gpy = —gg}{H /v assuming that the derivative Higgs cou-
pling gg}{  is zero. The orange and green bands correspond to the 1o uncertainty in
the S/ v/ B with assumptions of the theoretical uncertainty for the di-Higgs production
cross-section to be 4% and 10% respectively. Right panel: The percentage uncertain-
ties on the measured number of signal events varies with the value of trilinear Higgs
coupling. Orange and green lines correspond to theoretical uncertainties of 4% and

10% respectively.
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We also estimate the uncertainty in the value of S/ VB by taking into account
the statistical uncertainty for the signal and background as well as the theoretical
uncertainty on the di-Higgs production cross-section. It turns out that for a 30 ab™*
luminosity, the statistical uncertainty in the number of signal events due to Poisson
fluctuations is around 3%, which is less than the 10% theoretical uncertainty coming
from the infinite top mass approximation, the scale, and the PDF uncertainties [74].
The 1o uncertainty due to this is denoted by the green band in the left panel of
Fig. 7.8. However, the latest estimation on the theoretical uncertainties places them
as low as 4% [231]. Therefore, we also include this case denoted by orange band in
the plot shown in the left panel of Fig. 7.8.

The right panel of Fig. 7.8 represents the percentage uncertainties for the measured
number of signal events as a function of the ratio of the triple Higgs coupling to
its SM predicted value. Orange and green lines here correspond to the theoretical
uncertainty of 4% and 10% respectively. As expected from the above quoted numbers,
the theoretical uncertainty dominates except where the ratio of triple Higgs couplings
is close to 2.5, where the cross section for di-Higgs production is the lowest leading
to enhanced uncertainty due to Poisson fluctuations.

Here we comment on the validity of EFT in our collider analysis. The EFT
breaks down when the parton collision center of mass energy approaches the scale
of the cutoff scale M = 2 TeV. Therefore, we should in principle add a cut on the
kinematic variables like invariant mass of di-Higgs to only keep the events produced
in low energy regime to make our EFT analysis valid. The di-Higgs spectrum is
peaked at an invariant mass my;, near the two higgs threshold indicating our EFT
approach should be valid (i.e. the processes considered have energy well below our
cutoff of 2 TeV). Additionally we have investigated the number of events below 1
TeV, 1.5 TeV, and 2 TeV for three benchmark points: the SM, Agpg/Asy = 2,

Agnn /sy = —0.9, and finding the results in Table. 7.7. As there are only a small
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ML |y, > 1TeV | myy, > 1.5 TeV | my, > 2TeV
1 2.5% 0.38% 0.16%
2 5.1% 1.0% 0.35%
-0.9 1.3% 0.26% 0.05%

Table 7.7: The percentage of events with my; above 1, 1.5 and 2 TeV.

number of outlying events with higher energies these numbers support the assertion
that the EFT approach is valid in our Monte Carlo simulation. One should note
that even if the heavy particles were to be discovered at higher energies that in
order to extract the trilinear couplings of the SM Higgs one would still employ an
EFT. Such a procedure is analogous to the use of an effective four fermion theory for
flavor physics where the heavy W's have been integrated out of the theory in favor of

unrenormalizable operators.

7.3.4 Determination of Wilson Coefficients
Equation 7.30 and Table 7.3 demonstrate it is necessary to investigate the discov-
ery potential at the 100 TeV collider when both the deviation of the A\ggyy coupling

from the SM value, and non-zero g}ng exist. Turning on the derivative Higgs cou-

pling gg}{H will change the significance of the di-Higgs signatures. In Fig. 7.9 we
present the reach of the 100 TeV collider with integrated luminosity of 30 ab™! in the
space of g}g}{ oy — gg{ y in the left panel as well as in the space of Wilson coefficients
cy and cyp — 4cyp in the right panel, each with ¢,z = 0. The left and right panels of
the Fig. 7.9 are not independent. Their values are connected by Eq. 7.30, where the
contours in the right panel are essentially rotated around the SM values as governed
by the Eq. 7.30. This represents only a class of models, in which ¢,y is not important,

for example, singlet, triplet and quadruplet models. We plot the statistical signifi-

cance contours for 2HDMs in ¢;g — ¢y space as shown in separate plots of Fig. 7.10.
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Figure 7.9: Black dashed contours denote statistical significance, S/v/B, for identi-
fying the signal at 100 TeV with integrated luminosity of 30 ab™'. Left panel: The
significance contours are plotted in the ggz /v Vs. gg}{H plane, the shaded region
is constrained by dimensionless couplings in the Lagrangian within the range +4m
for couplings with mass dimension within the range £1 TeV and cutoff scale M = 2
TeV. The light and dark shaded brown and blue regions are allowed by all the global
fit constraints. The Red line and magenta line corresponds to quadruplet model with
Y = 1/2 and 1/3 respectively. Orange and green regions correspond to the 1o un-
certainty on the significance with assumptions of the theoretical uncertainty for the
di-Higgs production cross-section to be 4% and 10% respectively. Right panel: The
significance contours are plotted in the v?cy vs. v?(cyp — 4cgn) plane. The darker
brown and light brown dotted lines on the right panel correspond to the Wilson coef-
ficient constraints from the Higgs coupling measurements and the T-parameter in the
real and complex triplet models. Shaded regions on the right have the same meaning
as in the left panel. Both plots are with ¢;y = 0 and the SM limit in both is located
at (0,0) with S/v/B ~ 26.
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Figure 7.10: Dark cyan dashed contours denote statistical significance, S/ VB, for

identifying the signal at 100 TeV with integrated luminosity of 30 ab™'.

The left

and right plots represents Type-I and Type-II 2HDM respectively. The light blue
regions correspond to the parameter regions in tan S which has been ruled out by

experimental data from flavor physics.

The orange and green regions are within

the SM 20 uncertainty with assumption of the percentage uncertainty of di-Higgs
production cross section equal to 4% and 10% respectively.
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g = 0 corresponds to tan 8 — oo, which is outside the experimental bounds on
tan 5 in 2HDMs.

Fig. 7.9 shows the allowed parameter regions in singlet, triplet and quadruplet
models, which overlap within the significance contours. In these models, according
to Table 7.3, the Wilson coefficients ¢y and cyp — 4 ¢y are not independent. More
specifically, they are related by linear relations such as cy =~ )\Hs@)(CHD — 4dcgn).
This linear relation then implies that the boundaries of these regions are governed
by the input perturbative limit [Agg(@)| < 47 and are straight lines as can be seen in
Figure 7.9. The values of the dimensionless Higgs scalar couplings, such as A\ygs, Age,
determine the slopes of the parameter region in each model. For example, in the real
singlet case, along the boundary of the parameter region, the Higgs scalar coupling
Ags should be around +47. In the region far from the boundary, the dimensionless
Higgs scalar couplings appearing in cy should be small. We choose c;;7 to be equal
to zero in these two plots. This condition is automatically satisfied by singlet and
quadruplet models, and also approximately satisfied by triplet models. This is because
¢ in triplet models is suppressed by the coupling ¢? which is constrained to be very
small by EWPD due to its relation to the T-parameter.

In addition to the allowed region in each model, we also illustrate the region that
will generate the expected significance within the 20 uncertainties around SM value.

Therefore we simply estimate that this 20 region roughly gives the region that is
hard to differentiate from the SM in the future experiments.

One can observe that, the future di-Higgs experiment is not sensitive to the cyp
and cyp which have already been strongly constraint by the EWPD. On the other
hand, it can constrain the value of cy. Depending on the theoretical uncertainties
that can be achieved, it may also be possible to exclude some parameter space of the

singlet models, which represents the region outside the 20 region.
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The case of the 2HDM is much more promising for distinguishing between the SM
and the NP model as ¢;g is non-zero. We demonstrate the significance for 100 TeV
collider at 30 ab™! integrated luminosity in v?c,; vs v?cy plane, shown in Fig. 7.10.
Both v2c; vs v2cy depend on tan 3. Here we choose the range of tan /3 such that
it satisfies the constraints from flavor physics according to Ref. [113]. This rules
out some parameter regions as shown in Fig. 7.10 by blue regions. We note that
the significance in the 2HDM is generally larger than that of the singlet, triplet and
quadruplet models due to typical enhancement from the Yukawa couplings, and it
is very likely to observe a significant deviation from the SM signal. We also find
that, unlike the singlet and triplet, signal significances in the 2HDM are much more
enhanced compared to the ones in the SM. The plots also show that the contours
of significance of two types of 2HDMs are different despite the coupling to up-type
quarks being the same in both Type I and Type II, the reason being that we are using
the bby~y final state and the branching ratio of A — bb are different between the two
versions of the 2HDM.

From Fig. 7.9 and Fig. 7.10, if we limit ourselves in these models with all the
heavy particles integrated out, the di-Higgs process puts additional constraints on
the scalar model parameters. Our analysis in Fig. 7.9 and Fig 7.10 shows that the
Complex singlet and 2HDM (triplet and quadruplet) scalar models are the most
(least) sensitive, among those resulting from the models under consideration, to the
collider search. As a consequence, the di-Higgs process probes the allowed region of

¢, and thus the Higgs scalar couplings in the UV models.

7.3.5 Exploring Parameter Region in UV Models
We project the sensitivity of the Wilson coefficients into the parameter space
corresponding to the models under consideration. In the real singlet model, the

parameter space of the effective coefficients allowed is indicated by the light blue
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Figure 7.11: The discovery potential of the model parameters (gys, Ays) in the real
(left panel) and complex (right panel) singlet models. The contours correspond to the
significance given integrated luminosity of 30 ab™'. The orange and green regions

are with in the SM 20 uncertainty with assumption of the percentage uncertainty of
di-Higgs production cross-section equal to 4% and 10% respectively.
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region in Fig. 7.9, can be probed with S/\/E more than 25, while in the complex
singlet model, the Wilson coefficients resulting from integrating out the complex
singlet can be probed to S/ V/B values higher than even 40. In Fig. 7.11, we show
the possible reach of the model parameters (Ays, ggs) in the real singlet model, and
(Amrs + Nys/2, gus) in the complex singlet model, given 30 ab™! luminosity data set.
One can see that, most of the region in the singlet and triplet models are within the
Lo uncertainty band for S/v/B reach for the SM, so that they are hard to differentiate
from the SM.

The 2HDM, owing to its preservation of custodial symmetry, resides on the line
cup = 4epyn = 0 (up to the assumptions made in this paper, that is a tree-level
dimension-six analysis). Therefore, the Higgs coupling measurements and the elec-
troweak precision tests do not place strong constraints on the model parameters. On
the other hand, the di-Higgs signature starts to provide a strong constraint on cy.
In Fig. 7.12 we show the significance contour on the model parameter Zgz vs tan (3
plane for Type-I model and Type-II model with the 30 ab™' luminosity. Note that
when Zg = 0, the SM limit is recovered (see Table 7.3). We also find that in the
Type-11 model, for negative Zg and large tanf (left top corner in the right plot in
Fig. 7.12), the significance approaches to the SM value. This is because the decreasing
of the Higgs to b quark coupling reduces the Higgs to b decay branching ratio, which
ameliorate the increasing of the di-Higgs production rate.

In the real and complex triplet models, both cyp and ¢y in the EFTs obtained by
integrating out real and complex triplet models are very tightly constrained as shown
by the vertical dashed lines, shown in Fig. 7.9 (right panel). These vertical darker
and lighter green lines represent the 30 bounds allowed by the Higgs data global fit
on the Wilson coefficient linear combination of cyp — 4cyn for the real and complex
triplet model respectively. The reason that these stringent bounds only exist for the

triplets and not the singlets is that the coefficient cyp is connected with custodial
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Figure 7.12: The discovery potential of the model parameters (Zg, tan 3) in the Type-I
(left panel), Type-II (right panel) 2HDM. The contours correspond to the significance
given integrated luminosity of 30 ab™!. The orange and green regions are with in
the SM 20 uncertainty with assumption of the percentage uncertainty of di-Higgs
production cross-section equal to 4% and 10% respectively.
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symmetry breaking and is tightly constrained by the electroweak precision parameter
T.

As Table 7.3 denotes, the cyp and cyn are tightly related for the triplet models
and therefore the stringent bounds on cyp translate into stringent bounds on the
cgp — 4cgn as well. In the case of the singlet models, there are no couplings of the
singlets to the gauge bosons resulting in cyp being identically zero as indicated in
Table 7.3, liberating them from these constraints suffered by the triplet models. As
a result of these, cy is also strongly constrained from the small allowed values of
cup — 4ceyn, as shown in Fig. 7.9 (right panel). However, the dimensionless Higgs
potential parameters, such as Age and A, are still very loosely constrained due to
cH ~ AZ—Z)\HQ. Therefore, it is very hard for us to extract the Higgs scalar couplings
from the cy operator, because the deviation of the Higgs coupling from the SM value
is very small in the triplet case.

For the quadruplet model, at dimension-six, only the Wilson coefficient of Qg
operator is non zero. However, we include the cyp generated by dimension 8 operator
because it is strongly constraint by EWPD. In the left plot in Fig. 7.13, the allowed
region for two types of quadruplet models are denoted by two lines with different
slopes. The reason can be seen from Table. 7.3, the ¢y and cyp are correlated, all

proportional to the coupling [Aesz|*. So given a fixed cut off scale M, both ggg{H

and gg}{H can be parameterized by a single parameter |Ap3z|>. In the right plot in
Fig. 7.13, we find that the allowed parameter space from the global fit to EWPD for
quadruplet models is tightly constrained, and almost becomes a point near the SM
value. In Fig. 7.11, we show the significance of the model parameter g3y vs new
physics scale M varies with the 30 ab™! in contours, while the blue region is excluded

by the constraint on cyp from EWPD. One could observe that, the T-parameter

constraint on A3 is very sensitive to the cutoff scale, the reason is that the cyp is
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generated by dimension-eight operator so that it is proportional to the fourth power

of (v/M).

S/ B Quadruplet Y=1/2 30 ab™ S/B Quadruplet Y=3/2 30 ab™
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Figure 7.13: The discovery potential of the model parameters (Ag3e ) in the quadru-
plet. The dashed black contours correspond to the S/ VB values for an integrated
luminosity of 30 ab™'. The blue region is excluded by constraints from the electroweak
precision tests. The orange and green regions are within the SM 20 uncertainty with
an assumption of the percentage theoretical uncertainty of diHiggs production cross-
section equal to 4% and 10% respectively.

Our collider analysis demonstrates that the potential of the 100 TeV collider
in probing the Wilson coefficients resulting from the five scenarios considered here
is very promising with the 2HDM. The singlet, triplet and quadruplet models on
the other hand are restricted due to electroweak precision measurements and their
effective coefficients will have less sensitivity. These restrictions also manifest in the
constraints on the deviation of the triple Higgs couplings in such models owing to the
direct relation between cy and the triple and quadruplet Higgs coupling as shown in
Eq. 7.30.

An interesting consequence of our analysis is that, due to the difference in the al-

lowed region for each model under the theoretical bound and the global fit constraints,
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it is possible to differentiate the 2HDM model from singlet, triplet and quadruplet
models with the observation of a large deviation of the signal rate from the SM ex-
pectation. If a future experiment detects a significantly larger signal rate compared
with the expected SM model value, then it should favor the presence of an extended
scalar sector consisting of the 2HDM the assumptions of this work. If the future
experiment does not detect a significant deviation from the SM expectation, then one
may have hard time to differentiate SM from all the models considered here as well
as models where the wilson coefficients are induced at loop level. Both a reduction in
the theoretical uncertainty estimation and higher luminosities will be needed to make

a more precise measurement of the di-Higgs signal rate.
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CHAPTER 8

TESTING SEASAW MECHANISM IN LRSM WITH
FUTURE COLLIDER

The minimal left-right symmetric model (mLRSM) has been proposed to connect
the smallness of neutrino masses with the spontaneous violation of parity at high
energy scale [232, 200, 201]. Within the mLRSM, both Dirac masses and Majorana
masses can be generated for the heavy and light neutrinos through the Yukawa cou-
plings with Higgs bi-doublet and triplets. It is already known that, the Majorana
mass matrices for the light and heavy neutrino can be probed with the light neu-
trino oscillation experiments and the Keung-Senjanovi¢ (KS) process [171] in collider
experiments respectively. Further, it is recently pointed out that [205, 233] if in addi-
tion the mixing between the light and heavy neutrinos are measured, then the Dirac
mass matrix i.e. the Yukawa couplings between leptons and Higgs bi-doublet will be
uniquely determined, which are directly related to the test of the Leptogensis in the
LRSM [167]. It is worth to emphasize that without the left-right symmetry, there
will be no such a connection between the masses and mixing of the neutrinos and
the Dirac mass matrix. This can be seen in the Casas-Ibarra parametrization [56],
where the Dirac mass matrix is given in terms of the heavy and light neutrino mass
matices up to an arbitrary complex, orthogonal matrix. Therefore, measuring the
light and heavy neutrino mixing will be crucial to veriy the LRSM as a complete
model explaining the origin and smallness of neutrino masses.

Previously, the Dirac mass matrix of the light and heavy neutrino mixing is studied
in Ref. [118, 150] by searching one right-handed charged lepton, one left-handed

charged lepton and two jets in the final state in the collider experiments. In this work,

151



we proposed that the ideal channel for probing the Dirac mass matrix is through the
purely leptonic decay of Wi — [N, — [£(N, — I*WT — [*I'Fv), where N is
the lightest heavy neutrino. This channel has been studied in the singlet fermion
extension of the SM with Type-I seesaw mechanism in Ref. [164] and also has been
searched for at the CMS experiment [236]. The advantage of this channel compare
with the KS channel is that it does not need to analysis the handness of the leptons in
the final state, the reconstruction of the W transverse mass from the charged lepton
and the missing Fr automatically guarantees the heavy-light mixing in the heavy

neutrino decay.

8.1 Theoretical Framework of LRSM

The gauge group structure in the LRSM is G = SU(2);, x SU(2)r x U(1)p_r,, with
an additional discrete symmetry that may be generalized as parity (P) or charge con-
jugation (C). The left-handed and right-handed quarks and leptons fields transform
as SU(2); and SU(2)r doublets respectively. The quantum numbers corresponding
to the gauge groups SU(2)r, SU(2)g and U(1)p_, are listed in the parenthesis next

to the colons in the equations below:

U 1 ( 1
qrL = : (2a17§)7 qr = (1a27§)7
d d
L R
v N
LL = (2a 17 1)a LR - (17 2a 1)a
l {
L R

(8.1)

where N represents the new heavy neutrino states
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The Higgs sector of the mLRSM [198, 200], consists of one bi-doublet ®, in the
(2,2,0) representation of G and two scalar triplets Ay and Ag, belonging to (3,1,2)
and (1,3,2) representation respectively

o | @ @ A | Le/V2 05k
- ) L,R —
o 9 5%,}2 —52,3/\/5

(8.2)

The scalar potential is rather complicate which does not directly related to our anal-
ysis which can be found in Appendix.
After spontaneous symmetry breaking (SSB), the vevs of the scalar fields can be

written as [201]

(%1 0
() = A (8.3)
0 — U9
0 0 0 0
(Ag) = . (Ap) = . , (8.4)
UR 0 ver 0

where a and 6, are called the “spontaneous” CP phases, and the magnitudes of the
vevs have the following hierarchy vy, < v + v5 < v%. All the physical effects due to
01, can be neglected, since this phase is always accompanied by the small vy,.

The Yukawa interactions in the lepton sector are:

LL_q> = LL(qu) + yQCI)C)LR + h.c. (85)
1 - -
£L—A = _§yAL (LL)CEALLL — i(LR)CEARLR + h.C., (86)

where ®°¢ = e¢®*¢e and € is the 2-D total antisymmetric tensor.
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Under the generalized Parity P symmetry and the generalized charge conjugation

C symmetry, the transformation of the fields are:

P:{W[nqluLLaq)aAL,R} < {_W}§7QR7LR7¢T7AR,L}

C: {WL) qi, LL; (I), AL,R} A4 {_WE7 (QR)ca (LR)C7 CI)Tu A>|]<%,L}'

(8.7)

(8.8)

The left-right symmetry impose the conditions on the SU(2) gauge couplings g1, gr

and Yukawa couplings 312 and ya, ,:

gL = 9dr = 9,
P Y12 = y;27 YA, = YAg,

Ciyio=1Ul9 Ya,="Yn,

The neutrino mass matrix after SSB becomes:

o ML MT vy,
EV—N = - ( (VL)C NR ) P
M, Mg (Np)°

We define this mass matrix in gauge eigenstates as M,,;:

Mori: M Mg )
Mp Mg

with the entries expressed as:

My =ya, i Mg =yaor Mpb = —(101 + yav2e™).

154

+ h.c. .

(8.12)
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Two steps are needed to diagonalize the mass matrix, in the first step we utilize the

rotation matrix R to bring the 6 x 6 mass matrix to a block diagonal form:

1 —ef M, M} 1 of M, 0
= , (8.15)
o 1 Mp Mg -0 1 0 My
with
1 —ef
R= . (8.16)
o 1
In the limit v, < vy, we have at leading order:
M, = M;— MhjMy'Mp (8.18)
of ~ MiM. (8.19)
With C as generalized parity, we have:
Mp = M} (8.20)
M, = eMpg=~eMy with € = vy, /vg (8.21)

O = /e— My'M,. (8.22)

The next step is to bring M, and My to diagonal forms:

M, = Vim,V} (8.23)

MN - VRmNVg, (824)
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where Vi r are 3 X 3 unitary matrices, m, and my are diagonal matrices. Now we

have:

m, O
M,,; = R'V VTR, (8.25)

0 my

with V a 6 x 6 matrix:

Vo0
V= : (8.26)
0 Va

The mass eigenstates for the light and heavy neutrinos are denoted as: vy, ,, and Ng ..

Then we have relations between the gauge eigenstates and the mass eigenstates:

v, = Vivpm +0OW* — (Nrw)© (8.27)
N& = —OVivpm + Vi(Nem)© (8.28)
W) = Wom)VT + NeaVie* (8.29)
(Ng) = —(pm)VTOT + NgaVi. (8.30)

Now we can write down the charged current interaction in lepton sector:

T e W, = [Tt (ViU erm + (Nt (VEOUR)erm] WE,  (8.31)

Nav'enWr, = |(Nuo) " (VAUD)erm — W) (VO Up)erm| Wi,

(8.32)

where U} p are unitary matrices that diagonalize the charged lepton mass matrix,

which can be set to identities by a change of flavor basis at the beginning. This leads
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to the definition of the PMNS matrices for the right-handed and left-handed lepton

sectors:

ViEuns = Vi (8.33)

In the following we will focus on the channel where a W is on-shell produced and
then decays to a positron and the lightest heavy neutrino Ny, with /N; decaying to a
positron, a muon and a light neutrino. Symbolically, this process can be written as:
pp — Wr — e™ Ny — etetu~v. We also assume that the mass of the Wg boson is
much larger than the mass of the lightest heavy neutrino, i.e. my, < myy,. This will
ensure that the lightest heavy neutrino is on-shell produced.

The topologies of Feynman diagrams that are related to this process are list in
Fig. 8.1, where the vertices with red dots contain the information of the heavy and
light neutrino mixing, which are sensitive to the neutrino Dirac masses. The decays
of N; through a off-shell W}, are shown in Fig. 8.1c and Fig. 8.1d, they are in general
suppressed by m%vl / m%,VR comparing with the processes where N; decays through an
on-shell W shown in Fig 8.1a and Fig 8.1b. This is the key point of our study, the
purely leptonic decay of the heavy neutrino N; is dominated by the W boson mediated
processes which naturally contain the information of the heavy-light mixing with the
presence of NyW1 vertices, so no handness properties of the charged leptons needed
to be further assessed.

In principle, for my, > my, the diagram 8.1a and the diagram 8.1b can be
distinguished by the relative Pr order of the muon and sub-leading positron and the
reconstructed transverse mass of the sub-leading positron and missing ET' system.
However, we found in our study that for the mass range of my, we are interested
in (roughly my, < 500GeV), the power of this discriminant is not good enough to

isolate either one of the contributions. For my, < my, since the decay of the N; goes
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Figure 8.1: The topologies that can contribute to the eTe™ v final state through a
on-shell Wg decaying to et Ny. The red dots denote the vertices where the heavy and
light neutrino mixings enter in.
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through the off-shell W, essentially there is no such a single physical cut that can
effectively distinguish the two diagrams. One way to extract the relative contributions
of these two diagrams is proposed in Ref. [26], where the distribution of the angular
observable 6, the polar angle formed by the momentum of the muon and the Wjy
momentum in the N; rest frame, is used.As pointed out in Ref. [26], the differential
decay rates with respect to 6 of the polarized heavy neutrino of the two different

channels have the following forms:

dI’
dCOSQ(NLpOl =S (W = efr)) ~ |(VR)NM|2{1 + A(zp,) cos 0} (8.35)
and
dr o o ,
dcosQ(Nl’pOl = (W™ = ) ~ (Vi) ne| {1 — cos 9}7 (8.36)

where zy, = my, /Mw, and A(xy,) is calculated in Ref. [26] and A(zn,) = 0 for
xn, > 1. In practice, one can fit with this distribution to extract the mixing param-
eters for the two diagrams.

Now one can calculate the decay width of heavy neutrinos into three leptons
['(N; — [*IFv), which is proportional to the heavy-light mixing as one can see from

Eq. 8.37. As I mentioned earlier, we assume the ratio of the vev of two triplet ¢ =0.

G2 ™, 7 (m% —x)(mi +axzm? — 222
D(Ny = U v) = (180w, [*+10m, 1) oo dz—; iy, = 2) > )
96mimy J, my, (1—-2-)2+ Ty
M, Mg,
(8.37)

One can found the branching ratio in the Fig. 8.2 for different mass of my, and
the lightest heavy neutrino mass my,. From the Fig. 8.2, one can found that for a
fixed mass of the lightest heavy neutrino my, the branching ratio Br(N; — p~e*v)
is increasing. This is because the decay channel N; — [jj through the off shell Wg
is suppressed. The increase of the branching ratio around the my, is due to the on-

shell production of Wj. The sharp drop around top mass is due to the opening of
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Figure 8.2: Branching ratio of the purely leptonic decays of the heavy neutrino N.
the channel Ny — [tb. The further decrease as my, increase is because the decay

channel Ny — pu~e*v is suppressed by decreasing mixing couping © as one can see

from Eq. 8.22.
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8.2 Collider Analysis

As mentioned above, it is hard to distinguish the two processes with the same
final state in the mass range of the lightest heavy neutrino N; we are interested in.
Therefore, we will first derive the sensitivity bounds on the decay branching ratio
Br(N; — p~e'v) and then translate them into the bound on the mixing parameters
|Orn, | and |Op, |-

For the signal generation, we use the extension of the FeynRules package [21] for
the minimal LR model used in Ref. [226] and expanded in Ref. [207]. The signal and
background events were generated at the LO using Madgraph 5 [24], Pythia 6 [237] for
hadronization and Delphes 3 [92] for detector simulation, using the JetFake module
developed in [207]. The dominant sources of background are found to be tW (j), tt(j)
and WWW (5), while ZW (j), ttZ and eej with jet fake to muon to be sub-dominant.
The 7 in the parenthesis means we generate the corresponding background with one
jet matching. Table. 8.2 show the the cut flow of the main sources of background for
this process, together with two benchmark points, for 100 TeV respectively. In what
follows we also assume the left and right leptonic mixing matrices are connected with
the relation V;, = V. The backgrounds for this process were studied in Ref. [164].
Finally, a description of the selection criteria is shown in table 8.1. We first demand
the event contains exactly 2 positron, 1 muon and no b tagged jet. The event with
extra jets that are not b tagged are retained. Secondly, we select events with High
PT leptons and a large missing E'T, this will cut a lot of background even in 100TeV
collider. Then we require that the reconstructed invariant mass of the positron pair
is not closed to the Z boson mass. This will reduce the background that the positron
pair comes from the Z decay with the electron charged flipped. We also enforce that
the reconstructed transverse mass of sub-leading positron and Fr is less than 150

GeV. This cut ensures that the sub-leading positron is coming from the W boson
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decay. Finally we require the transverse mass of the ee™ ™ B system is larger than

the half mass of the right-handed Wpg.

Cut description\

etet ™, no b jets and no additional leptons signal selection
Pjret > 200 GeV, Pp, > 100 GeV, P%fch > 100 GeV reduce all backgrounds
Er > 100 GeV reduce mostly t¢j and eej
|minp(eTet —91.2]) < 10 GeV reduce mostly W Zj
my (el Br) < 150 GeV |reduce all backgrounds except ZW (j)
my(etetu=Er) > My, /2 reduce all backgrounds

Table 8.1: Selection criteria used to reduced the SM background for 100 TeV. For 13
TeV and 28 TeV we apply the same cuts, excepting that P}egﬁ > 100 GeV.

We first require that the event contains two positron and one muon (we also require
the number of the additional jets not exceed two). Secondly, we require the leading
positron has Pr > 200 GeV, and subleading positron and muon have Pr > 100 GeV.
Then a missing E'T cut is applied to reduce eej background, a mass window cut on
the positron pair is applied to ensure that one of the positron is not coming from the
charge conversion from the Z boson decay. A cut on the transverse mass of subleading
positron and missing E'T system is applied to ensure that the subleading positron is
coming from the decay of a on-shell W boson, which reduces the ¢t background and
reduce the contamination from the decay of heavy neutrino through an off-shell Wg.
Finally, a cut on the transverse mass of the system of eTe* = Fr is applied to ensure
decay produce is coming from the high invariant mass region which reduces all kinds
of SM backgrounds. In the estimation of the SM background we take the probability
of the charge misidentification of electron as a function of pt and eta taking from the
current ATLAS results [7], while for muon we assume the charge misidentification
rate is zero. For the jet fake to electron and muon rate we take them equal to 10~*
as indicated in Ref. [59, 86].

In Fig. 8.3, we show for my, = 6 TeV that the purely leptonic signal can be

discovered(excluded) with 50(20) sensitivity for heavy neutrino masses below 170
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Backgrounds

Vs =100TeV[tEZW W™ (5)  tt() WZ() 3W()) eej

Ns+=2N,=1N,=0[ 199 1114 1178 8645 735 1128

Pr cuts| 18.7 387 226 2350 254 244

Er > 100 GeV| 12.6 312 138 1140 165 18.7

Miny (€T et)euts| 12.1 311 136 122 164 5.19

mr(el, Br) < 150 GeV| 4.42 116 65.1 292 85.9 0.344
Miny(e¥ et ™ Fr) >3 TeV|0.126  7.60 582  0.336  9.72  2.75%x1072

Miny (e et = Fr) > 5 TeV| 0 0.918 1.11 0 1.94 0

Mimp(eTet = Fr) > 10 TeV| 0 2.62x10726.16x1072

0

8.05x1072 0

Table 8.2: SM background processes at 100 TeV and 30 ab™* for the trilepton signal
etetp v and my, = 6 TeV, for two benchmark values of the heavy Neutrino masses.
Backgrounds ending with the parenthesis j represent that we did the plus one jet
matching in the simulation. The charge misidentification probability has been taken

from current ATLAS result from Ref

. [7).

The jet to lepton fake rates for ttbar(j)

and eej have been taken as 10~* universally. The NLO K-factor for backgrounds are

taken from Ref. [193]

My, [GeV]] 1000 500 100
etetp vl 0.364 0.349 0.319
Pp| 0.273 0241 0.234
Pyl 0239 0196 0.199
Minu(eTet)| 0.239  0.196  0.199
me(el, Br)| 0223 0.188 0.189
mr(etetp=Fr)| 0217 0.185 0.187

Table 8.3: signal efficiency for 100TeV collider with my,, = 6 TeV for different mass
of the lightest heavy neutrino. The charge misidentification rate for electron is take

from [7].
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Figure 8.3: FCC reach to the branching ratio of the purely leptonic decays of the
heavy neutrino. The blue line denotes the branching ration within the mLRSM
and the shadowed thick(dashed) regions show the reach at 50(20), for an integrated
luminosity of L;,; = 30ab™' and center of mass energy /s = 100 TeV.
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GeV(220 GeV). This result shows that there exist the possibility of discovering the
Wgr boson at the LHC [206] and probing HN mass generation at the next generation
of hadronic colliders. For myy, = 10 TeV the purely leptonic signal can be discov-
ered(excluded) with 5o (20) sensitivity for heavy neutrino masses below 300 GeV (460
GeV). Instead the upper limit on the myy,, mass for the 20 exclusion limit is around
my, = 20 TeV.

In the left plot of Fig. 8.4, we have translated the 20 bound from the 100 TeV
collider to the upper bound on the combined value of [Opy, |* + |On, |* for myy, = 6
TeV, my, = 2 TeV and my, = 2.5 TeV. One can observe that If both |O,y,| and
|On,| are in the same scale, a bound around ~ 107'% on those two quantities can
be derived can be derived on these two quantities. This can be further translate in
to bound on the neutrino Dirac masses (Mp)n,. and (Mp)n,, as shown in the right

plot of Fig. 8.4, where we fixed the value |Gy, |? = Oy, |? = 10712,

5.x107"2[]
~ 12 my, =6 TeV
— 4.x107'4t 1
E my, =2TeV 0.40
g my, = 2.5 TeV 0.35

& 3.x107"%
N

eN|

@ 2.x107"2

N
o M, =6 TeV

my, =2 TeV
1.x10"12, | | | | | | —] . / My, = 2.5 TeV
100 150 200 250 300 350 400 450
100 150 200 250 300 350 400 450
my, [GeV] my, [GeV]

Figure 8.4: Smallest value for the heavy-light mixing angle © and the Dirac Mass
(MD), as a function of the heavy neutrino mass, for my,, = 6 TeV at 20.
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CONCLUSION

The Standard Model, though successful, has shortcomings in explaining various
phenomena in nature. The matter anti-matter asymmetry, the non-zero neutrino
masses are two puzzles that indicate the existence of new physics beyond the SM.
Future colliders are great machines to scrutinize the proposed new physics models
trying to solve these two puzzles.

The CPV is a requirement for a successful EWBG to explain the matter-antimatter
asymmetry. The 2HDMs are possible to provide a new CP violation source at tree
level and can be tested in both of pp collider and EDM experiments. My study
demonstrates that the combination of the future LHC and EDM results will be com-
plementary to each other and will provide a better examination of the CPV2HDMs.

Apart from the CPV, a SFOEWPT is also necessary for a successful EWBG.
The singlet extended SM (xSM) provides the most simple scenario to modify the
scalar potential and to make the EWPT strong and first-order in the early universe.
The correlation between the SFOEWPT and the enhancement of the coupling of the
heavy Higgs to the SM-like Higgs pair indicates an excellent opportunity to test the
xSM triggered SFOEWPT by searching a heavy Higgs decaying to two SM-like Higgs
particles. In my study, I point out that, the 4b final state of the di-Higgs channel,
despite substantial SM backgrounds, is a great channel to search for the resonant
di-Higgs signal.

In the case where the scale of the new physics is high, one may implement the
EFT to parametrize the deviation from the SM in a systematic way. In addition

to the precision measurements related to the single Higgs production, the precision
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measurement of the di-Higgs signature in the future 100 TeV collider will offer a new
possibility to look for the new physics in the scalar sector. In this thesis, I study the
potential to probe the modification of the trilinear Higgs couplings originated from
the scalar extensions that can generate the dimension six operator (HTH)? at tree
level, and show that the theoretical uncertainties related to the di-Higgs production
cross-section will be critical to distinguish the new physics from the SM.

Regarding the origin of the neutrino masses, the LRSM provided a natural way to
relate the smallness of the light to the high scale parity violation in the electroweak
sector. In this thesis, I study the reach of the future 100 TeV collider in measuring
the neutrino Yukawa couplings using the purely leptonic decay of heavy neutrinos
and show that this can be compatible with the traditional semi-leptonic searches.

The road to the new physics is dim. I believe the development of the future
technology and the wisdom of our physicist will shed light on the darkness of this

road.
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APPENDIX A

DISTRIBUTIONS OF KINEMATIC VARIABLES USED
IN BDT AND FORMULAE OF HIGGS DECAYS IN THE
STUDY OF CPV2HDM

A.1 Distributions of BDT Input Variables

We demonstrate the distributions of BDT input variables after our primary cuts

described in Sec. 5.3.2

s E
< 0.09F
0.08F:
0.07
0.06]
005
0.04
0.03)
002
001

1 L L L
00 200 300 200 _ o 500 50 100 150 200 o 250
PPPPPP [GeV] Plie [Ge'

Figure A.1: Plots indicated by their titles showing the distributions of the lepton
leading pr, lepton subleading pr, b-jet leading pr, and b-jet subleading pr, respec-
tively. The units of the horizontal axes are GeV. The red histogram is for signal with
heavy Higgs mass 550 GeV, and the blue histogram is for the combined background.
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Figure A.2: Plots indicated by their titles showing the distributions of the recon-
structed invariant mass for dijet system my,, reconstructed invariant mass for dilepton
system my, B /\/Hp, and reconstructed transverse momentum for Z boson pZ,
respectively. The units of the horizontal axes are GeV for my,, my, p%, and GeV'/?
for B //Hp. The red histogram is for the signal with heavy Higgs mass 550 GeV,
and the blue histogram is for the combined background.
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Figure A.3: Plots indicated by their titles showing the distributions of ARy, AR;;,
ARz, and Adyy,, respectively. The red histogram is for signal with heavy Higgs mass
550 GeV, and the blue histogram is for the combined background.
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Figure A.4: Reconstructed transverse momentum for Higgs p?, the unit of the hori-
zontal axis is GeV. The red histogram is for signal with heavy Higgs mass 550 GeV;
the blue histogram is for the combined background.

A.2 Analytical Formulas for Higgs Tow Body Decays

Higgs two body decay rates are listed in the following,

e h; — gg, heavy Higgs decays to two gluons

2 3
a;Grmy,

I'(hi — g9) = TN

where the functions Fl% and Ff}z and the variable T} are defined in Eqs. 5.33

to 5.34.

e h; — Zhy, heavy Higgs decays to Z boson and SM-like Higgs

2
P = zhy) = 299 Sz G 30,)%) (o, — (e, — 012?)

167Tm‘2i

1
X [—(Qmii + 2mi1 — M2) + W(mi — mil)2 . (A2)
Z

where ¢;.1 is defined in Eq. (5.28).
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e h; — V'V heavy Higgs decays to two vector bosons

Gpm3. ( AM2N 2 AMZ 3 [4M2\?
T(h; = VV) = (a;)° Loy (1 — V) 1— V+—( V) 3
( ) ( ) 16\/§7T Vv m}%l m}%l A m}zl (A )

(3

where V =W, Z and 6, = 1,0y = 2,1 = 2,3.

e h; — ff, heavy Higgs decays to a fermion pair

N.Gprm2my,. am2\ >?
2 i }”(1— f) . (A4

L(hi = ff) = [(Cﬁz‘)Q +(Cra) n

where N, = 3 for quarks, N, =1 for leptons.
e h; — hihy heavy Higgs decays to a pair of SM Higgs

2 42 4m?
F<h2—>h1h1) = —glllv 1-— h1

87Tmhi mh‘

7

where g;11 is defined by

L @3—‘/ |
I = Ol Ohy =0
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APPENDIX B

DISTRIBUTIONS OF KINEMATIC VARIABLES USED
IN BDT IN THE STUDY OF SINGLET EXTENDED
STANDARD MODEL

B.1 Distribution used in di-Higgs 4b BDT analysis
We plot the signal and background distributions of kinematic variables used in

BDT analysis here:
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Figure B.1: Distributions of the kinematic variables used in training BDT, the red line
represents signal distribution, the blue line represents the background distribution.
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APPENDIX C

DERIVATIONS OF EFT FOR EACH EXTENDED
SCALAR SECTOR

C.1 Real Singlet

Taking the Lagrangian with normalizations such that the EOM are nicely nor-

malized:
AL = (0"9)(,5) - M7552 95— gus|H[’S - %54 _ %uﬂ%ﬂ (C.1)
The classical EOM are:
08 = —M2S — gS? — gus|H|* — A\sS® — Ags|H|*S (C.2)

Linearizing the EOM in S and solving for “S.” as defined by Murayama [151] we find,

1

Se = —
O+ MZ+ Aps|H

|29HS|H|2 (C.3)

For Mg sufficiently larger than the momenta ([J) and the excitations of the field H

this gives the approximation,

O+ Ags|H|?

gHS 9 2
s, = 9ISy H? +--.
M§| "+ M gus|H|"+
9HS | 7712 AHSUHS | ;714 . GHS 9
= ——H —H _DH tee C4
S P+ 20 1 S| + ()
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Plugging this expression into AL, Eq. C.1,

AL — gHS@“|H|28M|H]2

2M4
2
gHS 2 AHSYFS 6 4 gHS 2
H —22 | H H|\*O|H
—rp it + SRS e+ PO
ggHSI |
3M6
/\ 2
gHS‘H‘ZL H594HS|H|6 gHS‘H‘ D’H’2
M
)\Hngs 6
——==e
s
2 2 2 2
JHS 4 (3/\H5MS —29915) 915 6 , 9us 2 2
= === H — H —8“ H|?0,|H
gHs s (BAusM3 — 299Hs)g?{s gHS
_ H .

C.2 Complex Singlet

Taking the Lagrangian with the same normalizations as in the real case, but

standard normalization for the kinetic terms:

AV
AL = (0"®)1(0,®) — M?|D|* - @ (@ + h.c.)
— (gus|H2® + h.c) — (%@3 + h.c.) - (%@(qﬂ)? + h.c.)

— ! !
_ (AgﬂHPqﬂ + h.c.) _ )\H<I>|H| 2 — (2@1 n h.c.) _ %|<I>|4 B <%q)(qﬂ)3 . (ﬂ;@)

The classical EOM are:
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2 / 1\ *
Od = —MQ(I) — (M/)2q>T o g;IS|H|2 . g*(q)T)2 . ?g(I)CI)]L o (93) (I)2

N, 3\ Al

/
Ny H?®T — H‘I’]H|2<I> (1) — |q>|2<1> - ——o(dh)? — 41 P?
1 251 N2 2 A 12 2(9')" 1
Oo" = —Md"— (M')D — gus|H|* — gP —§(<I>) —|—T<I><I>
by N A A
—Apo|H[?® — H‘I’yHy f — \®3 — 5@]2@* - Zl(qﬂ)3 341@Tq>2
(C.7)
Linearizing the EOM,
)\/
(D P %HIQ) O = —(M)V® — gusH]* = ol HI'®  (C8)
Solving for ®' and taking the series to dimension—4 in fields/derivatives,
1
ol ~ 7 [—(M')*® — guo|H|? = Ao H @]
O+ M2+ 22| H|?
(M)? (M')? AHs Nus(M')? s
~ ——0b — o — H|*® + —=—"—|H|*®
A O e > [H[? S
gHS 2 gHS 24 gHS Hs 4
—UlH H =22\
+ ISy 98 e g D857HS g

(C.9)

Plugging into the EOM for ¢ yields,

[(1_(1\]\/22 )D + (M2 (M 2) AH5|H|2 2M4 |H| )]
gHs D|H!2 + gHS(M/) |H|2 9?15|H|2 + 9Hi4/\2’f{s|H|4
(C.10)

Solving for ®. to operator dimension—4,
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N\2 * N4
o, — _L<* _ gus(M') +9HS(M> +---)]H]2

M? M? M4
1 ) . (M')?
+2M4 (gHS)‘HS + Nis9irs — (95N — GrrsNms + QHS)\HS)T +--- ) [H]*
L/ M) (M),
+W (QHS T Jus + BWQHS +-- | OHP (C.11)
Where the - - - represent terms of higher powers of M'/M.
Plugging ®. and ®] into the original AL gives,
1 (M')? : (M)
st~ (lonsP = G s + i) + S lomsP ) 11
HI 1 1 . 1 .
|M’4 { ‘gHS‘ Nis + Q(Q%SAHS +c.c.) — m(ﬂ%sg +c.c.) — W(Q?{SQIQHS +c.c.)

1 (MI)Q
g7 (loms? = G- Ghs + ) ) PO

IgHsl lous® pa M?|gus|*Nys/2 + M?RelgisAns] — 2Relgl 09" + 9559 Girs)/3) 0
M6

|9HS| Oun (C.12)

Again --- represents higher powers of M’/M and T’ve only shown to a convenient

order for each operator, not necessarily the same order for each operator.

C.3 2HDMs

L = |D'® >+ |DFD,> — m2,d1® — m2, 58, + m2,(®1d, + h.c.)
1 1
+§)\1(q>1q>1)2 + §>\2(‘D§¢2)2 + A3(R]01) (BFDy) + M\y(D] Do) (DL))

1
5)\5@1@2)2 + X6(D1D)) (DT Dy) + A (DI D) (B1 D) + h.c. (C.13)
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Which is rotated into the Higgs basis via [48]:

Hl = COSBCI)l—FSiHﬁ(I)Q

Hy = —sinpP; + cos [Py (C.14)

Recently in the literature we have Bélusca-Maito et al. [41], with the potential in the

Higgs basis,

VA
V(Hy, Hy) = Yi|H\| +Ys|Hy* + (YsH{Hy + hoc.) + 71\[{1\4 + 2| Hy|!
+Z3|H |*| Ho|* + Zu(H{Hy)(HYHY)

7
+ (75(H1TH2)2 + (Z|H\|? + Z|Ho|?)(H] Hy) + h.c.) (C.15)

they claim all Y; and Z; are real. They integrate out to find the EFT, and can be used
as a reference. Additionally the tree level D6 EFT is discussed in [49], and the 1-loop
D6 EFT in [125]. Taking the Lagrangian with normalizations such that the EOM are
nicely normalized and we have trivialized the couplings to fermions, we need to turn
on/off various Yukawas here as well as scale them for the Higgs basis dependent on

the ‘Type’ of 2HDM:

A
AL = (D"Hy)'(D,H,) — M?|Hy|* — Y3(HHy + h.c.) — g\HQ\‘l — Zs|Hy|*| Hy|?
A YA
—Z4(H1TH2)(H;LH1) - TB(HIH2)(H1TH2) — f(Hng)(Hng) — ZG|H1’2(H1TH2)
—Z§\H\|*(HYHy) — Zo| Ho|*(H{ Hy) — Z3|Ho|*(HS H,)

— (Ho,;Q;Yyues; + Hy jQ;Yqd + Ho i LiYie + h.c.) (C.16)

The classical EOM are:
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D*Hyy = —M?Hy; — YaHy; — ZoHoi|Ho* — ZsHoy|Hy|* — ZyH, i (H] Hy)
—ZXHy(HYH,) — ZEHy 4| Hy > — Z7Hy  (H Hy) — Z2 Hy ;(HY H)

—Z;HLZ'lHQlQ — éYJrLl - CZYdTQZ - TLYJQJ'EU

D’HS, = —M°H},—Y3H], — Zo|H,"H} ; — Zs|H\ " H] , — Zy(H]H,)H]
—Z5(H1TH2)H1T,Z- — Z6’H1!2H1T,i - Z?(HIH2)H§,Z- - Z7|H2\2H1T,z-
_Z;(H;Hl)Hg,i — L;iYie — Qind - QquUGij

(C.17)
Linearizing,

(D26;; + M?6;; + Za|H, 265 + ZyHy  H ) Ha

= —Y3Hy, — Z:Hy(HYH)) — Z;Hy i |H) > — &Y' Ly — dY) Qi — aY[Q ey

-2
H;j(D (Sl-j + M25i]' + Z3|H1|25z'j + Z4H1,jH1T,i)

— —Y?,HL. _ Z5(HIH2)Hj,i — Z6|H1|2H1T’Z- — LiYie — Q;Yyd — Q;Y,ue;

(C.18)
Solving for HJ,
Y- 1 - 1 = 1 =
i 3 i
(H27Z-)c _WHL" - WLiYie - WQi}/dd - WQquUGij
Y3(Z3 + Z,) — M*Z (Zs+ Z4)(Y3(Z3 + Zy) — M*Zs)
(I 2) =M 2 (],
Y- ZsM? —Y3(2Z5 + Z Y-
+M34(D2H10T - ]\34(6 RaL) (H{H,)(D*Hy;)" - M?’G(D4H1,1)T
Zs (Z3 + Z4)Zs Zs
—W(HIHQHL + T(Hfﬂl)(ﬂfﬂz)ﬂb + W(Hfﬂz)(DZHu)T (C.19)
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Plugging this expression into the classical EOM for H2 (i.e. Eq. C.17), linearizing,

and again solving for (Hy). gives,

Y. 1 1
(Hyi)e = _MZH“ ~p ey,'L; — M2 —dY,Q; — T aQs6
M?y Zs+ Zy+ Z2) — MAZ; — 2Y2Z*
3( 2 1 ]\4)6 7]—Ilzll—11|2
MNZ5Zs + (Zs + Z4) Z5) + 2Y5 (3(Zs + Z4) + Z3) 22 4
—+ MS Hl Z|H1|
—AYH(Z7)? — MYY3((Zs + Za)* + 2(Zs + Za) Z5 + | Zs|* + 2(Zs + Z5) 22 4
+ /10 Hyi|Hi|
Yy Yy M2Y3(Zs+ Z2) — M*Z; — Y272
+WD2H12 G (D4H1 i) — 5M8 (D2H1 z)‘HI‘
V(= M2Zy + Y3 27) Ys(—M2ZE + 2Y3Z%)
+ e Hy;,(HID*H,) + e H,;(D*Hy)"H, (C.20)

Taking this expression and its h.c. and plugging it into the Lagrangian (less the kinetic

term), Eq. C.16, we find the effective Lagrangian:

Y2
AL = (D" Hy) (D, Hy) = 255 Hy

Y- Yy
(2Re[Z6]M3 — (225 + 274 + 2Re[Zs)) 0

n 0<Y3/M6>) 1,

+ (|ZG|2 — (2226 + ZsZi + 2(Z5 + Z4)Re[ZG]W + O(YZ/M‘l)) W|H1|6

Y2
— 13 3 (D*H,)"(D*H,)
YsZy — M?Z; Y3
* M4 M6<

Y3
+ W (Yukawa)

1
+W (4 — Fermi)

Zs
+(W_(Z3+Z4+Z5)

HIH)[(D*H,) H, + h.c]

Y3 -
M O(Y}?/MG)) |H1|2H17Z' (deTQZ + fLYJQjEZ‘j + éYTLZ> + h.c.

(C.21)
The kinetic term gives,
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YZ
~arsl

Y32 Iz T
+W(D H,)"(D, H,)

(D*Hy)' (D, Hy) = D*D*H,)' (D, H,) + h.c]

2

Y; Y;
(2Y3Re[ZG]W — (225 + 224 + 2Re[Z3]) 1 5

Y; - _ _

~ 0 (for sufficiently small Y3)

This is a good argument for at least neglecting terms O(Y7*/M?®). The last term can
be traded via the EOM for 4—fermi interactions and rescaling of the Yukawas, via the

EOM:
(D*D,H); = m*H; — \\H|*H; — &Y,'L; — Q;Y,ue;; — dY, Qi (C.23)

So for sufficiently small Y3 we have,

\Z6\

1
AL = QH Z WE u QeH T an QuH i T QdH u) + h.c. +— (4 Ferml) (024)

M2

C.4 Real Triplet
Taking the Lagrangian with normalizations such that the EOM are nicely nor-

malized,

1 1 A 1
AL = §(DM<I>“)2 — 5M2c1>a<1>“ + gH'T"H®® — $|H|2c1>ac1>“ - ZA@(‘D‘I@CLV
(C.25)
The classical EOM are:
D20 = —M2®° — Ayo|H*®" + gH'7°H — \(D°D*) D" (C.26)
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Linearizing the EOM in ®¢,

(D? + M? + Ao H*)®" = gH'7"H (C.27)

For M sufficiently larger than the momenta and the excitations of the field H this

gives the approximation,

1
P = Hir"H
© T D2+ M2 A MgeHRTT T
D? + Ao |H|?
_ T a ta
= Mng H — : gH'T"H
a g a /\H<1>9 a
= WHTT H— —D*H't"H) — —==|H|*(H'r"H) (C.28)

Plugging this expression into AL, Eq. C.25,

g a
AL = 2M4[DM(HTT H)P?
i (H'7°H)* + s — (H'T"H)D*(H'7"H) + —AH¢92|H]2(HT7-“H)2
2M2 M4
9 iy 9 (Fe ) DA H I H gAH‘I’H HireH
o pH T H) = S (HI T H)D*(H ' H) — |H|*( )?
Aay a
YT |H|*(H'r"H)
2 2
_ 9 t_a 9 t_a 2 9 )‘H<I> Hir9 )2
o7 Du(H' T H)] + oo (HI T H)? — == [HIP(H 7 H) (C.29)
Noting that,
1 1
TiTh = 30udjk = 7040k, (C.30)
we see,
1
H'tT*H)(H't*H) = ~(H'H)?. C.31
4
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Considering the derivative term we have,

DMH'T*H) = [(D"H)'t°H + H'(D"7°H))

= (D"H)'7*H + H'r*(D"H) — H'[r*, D"|H (C.32)
Performing the commutator:

[P D = [0 + [ igrP A%

= —QQAZGGbCTC (033)

Because this is multiplied by D, (H'rH) this term is symmetric in a 4+ ¢ for the pauli
matrices but antisymmetric in the Levi-Civita symbol, therefore this term vanishes.

Then the derivative term becomes,

D, (H'r*H)D"(H't"H)
= [(D,H)'t"H + H't*(D,H)|[(D,H)'7*H + H'r*(D,H)]
= [(D H)'tH|[(D"H)'r*H] + [H'r*(D, H)|[H'r*(D"H)] + 2[H'r*(D,H)|[(D"H) 7" H]

_ i ((D.H) H(D"H)'H + 4(D,H)! (D, H)H' H)

—i (2(D,H)'HHY(D,H) +2H"(D,H)H'(D"H))
= i [GM(HTH)GM(HTH) — 4(D”H)THHT(DMH) + 4(DMH)T(DMH)HTH]

(C.34)

Finally the full EFT at tree level to dimension—six is:
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2

q 1
AL = any —(D“H)THHT(DMH)JFZaM(HTH)au(HTH)+(DuH>T(DuH)(HTH)
2\
H4 g AH® H6
2 2
1
_ HI* — D*HYVHH (D, H) + ~2—20"|H[20,| H|*
8M2‘ [ = S (DUH) HH'(D,H) + 550" [H 0, H
Ao
2M4‘H‘ (D, H> (D"H) — =3 H
2 g 2 2
g g 1 9°A\uo
= sl - S - ST (EQH“MH) s
(C.35)

Note here that A = Agps + 8M2

C.5 Complex Triplet

Taking the Lagrangian with the same normalizations as in the real case, but

standard normalization for the kinetic terms:

A N
— |DH<I>“|2—M2|¢>“|2+(gHTi027“H<I>“+h.c.)—$|H|2|<I>a|2 e ||t~ (HT TP H) o (9%)F
(C.36)
The classical EOM are:

A 1 X
DRt = MO — g Hir%ioyH" — Z R H PO — D \e|OPR" — T (H 77 H )&

)\/

A 1
DAY = MA@+ gH ioyr® H — 5 HA(@%) = D Xe|02(2) — T (HI 7w H ) (@)

(C.37)

Linearizing the EOM in ®¢ and (®*)" and solving for ¢ and (®%)':
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1 N
P~ (_g*HTT%—QH* — ZHW%CH@”)

¢ D2+ M? 4+ (Aga/2 + N /4)|H|?

* A N
— —%HTT%’@H* ]\944D2(HTT“ZU H*) + % (% + Z) ‘HP(HTT%@H*)

N N (g
—_Hie o HO® + —D*(HTie"™ o HO") 4+ —— <—+ >|H| (H'ie®™ o HO")

C4M? M4 AM* \ 2
(C.38)
Iterating this solution to remove the dependence on ®” and removing terms with
operator dimension > 5 we find:
dr ~ ——HTT%U H* + g Z_D*(H' %0y H*) + g~ (Awe —l— |H|*(H %0y H*)
¢ M? M4 MY\ 2
)\/
+4M4 (H'ie® o H)(H 0y H*)
(@)~ I gTr%g,H — 2D 2(H't%0ooH) — —— Adie —l— |H|*(H %0, H)
¢ M? M4 M4 2
)\/
7 I (Ht et HY(HT ioyr" H) (C.39)
Plugging in to Eq. C.36,
AL = —@ (D, (HTZ'J TaH)] [D*(H %0, H*)] — w(H oy H)(H %0y H*)
= T 2 2 2 2
91> (Ama t a
+W T+ |H|*(H %0, H)(H ioym H)
2 !
+ |j]|\/[4 (HTT“TI’H)(HTT%@H*)(HTTbiagH)
(C.40)
Applying the identity,
1
(Hioym*H)(H ' r% 0y H*) = 1 [2(H"ioyiooH*)(H'H) — (H"iooH)(Hioo H*)]
1
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Similar to the derivative term for the real scalar triplet we find,

DM(H't%0oH*) = (DMH)'t%0oH* + H't%0y(DFH*) — H'[1% 0y, DM H*

(C.42)

C.6 Quadruplet Y =1/2

AL = (D'®*F)(D, ;1) — M*®* KD 51 — (N pag H* @y H9 M H, + h.c.)
_)\H2<I>2H*iHi(I)*lmn(I)lmn o A}{Q@QH*i(Dijkq)*jlel o >\<I>(q)*ijkq)ijk)2

A\ (O IFDy, DD, ) (C.43)

From the EOM we have (neglecting terms cubic or higher in ®, denoted: - - ):

(szslk + M?6y, + Agoge H™ H,p 0 + )\/H2¢>25mlHkH*m)(I>ijl = —NysoHiHjepn H™ + - -

(C.44)

We solve for @, neglecting terms of mass dimension above 3, EXCEPT the terms
involving D?. The linearizing procedure above is a problem for dimension 8 operators,
but will work for the terms proportional to D? because they cannot be formed by the

®3 or * couplings we are neglecting.

)‘*H *n )\* *1,
O = — ]\;Q‘I’HiHjelnH +THT>D2HZH].%H 4.
*1j )‘H3¢’ %1 17%j In )\H3‘I’ %1 17%j In
il — —Sn H9emH, + S22 DX HY M H,, + - (C.45)

Plugging this in we find (neglecting d > 6),
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A 2 o 2|\ 2 i
ac = ]I\{;;D’ (HiHszmH*m)(H”H*JGmHn)+%(H*ZH*]EMHl)(HiHjﬁka*m)

A 2 ) )
_ | Ef (H*"H* " Hy)(H; Hje o H™)

~ Pasel® s
_ amselt gy (C.46)

Where we have used,

(HHY M H) (H;Hepm H™) = (H'H)?He" e H*™
= (H'H)*H5, H™

= (H'H)? (C.47)

For the dimension 8 operators involving D? we have,

oo |2 o Airsa|? i
ace = P i ) (0, e ) + P b, ) (D2 B
2 o T A 2 _—
4 |)\H3<I>| H*ZH*]elan DQH*ZH*Jeln Hn/ _ | H3<I>| H*zH*]elel D2H1H€an*n
M* M* ’
A 2 . .
B ‘ ]I\{;j“ (HiHjele*l)(DQH*ZH*]Eann)
A 2 o
— ﬂ DMH*H*H (D, H,H; H*" C.48
M4 1 J

Then the T" parameter part is given by:

£r = 2|/\A}22::I>|2 \HTDHPH|? + - -
(C.49)

2 2
_ _%LQ\AAI}?ID\ |H|2(HTD H)2_|_...

Where the second line is rewriting in terms of the operator used by Dawson et al.

(- stands for non T parameter operators)
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C.7 Quadruplet Y = 3/2

AL = (D' (D, ;1) — MO %D — (Nprse HH H*®,j;, + h.c.)
_)\H2<I>2H*iHiq)*lmnq)lmn o A}{Q@QH*iq)ijkcI)*jlel o )\q)(q)*ijkcbijk)Q

N\ (@R Dy, DD, ) (C.50)

From the EOM we have (neglecting terms cubic or higher in ®, denoted: - - ):

(D*8k1 + M6k + Amawo H ™ Hy Okt + Nypopo H ™ Hy01)®iji = —Nipso HiH, Hy,

(C.51)

Solving for ® we find (neglecting terms of mass dimension above 3, denoted ---),
EXCEPT the terms involving D?. The linearizing procedure above is a problem for
dimension 8 operators, but will work for the terms proportional to D? because they

cannot be formed by the ®3 or ®* couplings we are neglecting.

X% D?
O = ——2H,H;H, + TN HiH i Hy + -
Grill = B pri g e D? Nirse H* H* H** C
= Tz +_N4 H3® +oee (C.52)

Plugging this in we find (neglecting d > 6),

o Pasel? s ?
Ap = Aol iy | ZAmsel”

~ Pasel® s
= g HH) 4 (C.53)

For the dimension 8 operators involving D? we have,
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Aﬁg -

_l_

2 o AE30|2  ooi v
’)\H3<I>| (D“H*zH*]H*k)(DuHiHij) + ﬂ(H*zH*]H*k)DZ(HiHij

Ve M4

)\ 2 *1 *7 *
st g g 1 1, 1)

Arsal? o

2
’)\H3<I>’ (D“H*iH*jH*k)(DluHiHij) (C.54)

M4

Then the T' parameter part is given by:

EST _ 6|)‘]‘}2?::I>|2 ‘HTDMH’2|H‘2 4.
(C.55)

2 pugl
_ _%LG\)\AIZ?:;D\ |H|2(HTD H)2_|_...
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