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ABSTRACT: In this work, we study the SM-like Higgs pair productions in the framework of
the general CP-violating two-Higgs-doublet model. Several constraints are imposed to the
model sequentially, including the SM-like Higgs boson signal fits, the precise measurements
of the electric dipole moments, the perturbative unitarity and stability bounds to the Higgs
potential, and the most recent LHC searches for the heavy Higgs bosons. We show how
the CP-violating mixing angles are related to the Higgs cubic self couplings in this setup.
Based on these constraints, we suggest benchmark models for the future high-energy collider
searches for the Higgs pair productions. The e*e™ colliders operating at /s = (500 GeV,
1TeV) are capable of measuring the Higgs cubic self couplings of the benchmark models
directly. Afterwards, we estimate the cross sections of the resonance contributions to the
Higgs pair productions for the benchmark models at the future LHC and SppC/Fcc-hh
runs. Other possible decay modes for the heavy Higgs bosons are also discussed.
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1 Introduction

The discovery of the 125 GeV Higgs boson [1, 2] at the LHC runs at 768 TeV validate Higgs
mechanism for the spontaneous breaking of the electroweak gauge symmetry (EWSB). The
current LHC measurements of the Higgs boson couplings to the SM fermions, gauge bosons,
and loop-induced couplings to photons and gluons reach the precision of ~ 10 — 20 % level.
Besides, it is important to probe the Higgs self couplings to confirm the mechanism of the
EWSB. This can be done by looking for the Higgs pair productions at both high-energy
ete™ and pp colliders. The current LHC searches for the Higgs pair productions focus on the
leading production channel of gluon-gluon fusion (ggF), as well as the promising final states
of bbyy. Some of the detailed studies at the LHC can be found in refs. [3-13]. From the
experimental side, it is well-known that several future high-energy collider programs, such
as the International Linear Collider (ILC) [14] in Japan, the Future eplus-eminus/hadron-
hadron Cicular Collider (Fcc-ee/Fcc-hh) [15] at CERN, and the Circular electron-positron



Collider (CEPC)/ Super-pp-Collider(SppC) [16] in China, have been proposed in recent
years. A key physical goal for these different high-energy collider programs is try to probe
the shape of the Higgs potential. Some of the recent studies of the Higgs pair searches at
the future colliders can be found in refs. [17-29].

In many of new physics models beyond the SM (BSM), the Higgs sector is extended
with several scalar multiplets. The two-Higgs-doublet model (2HDM) is one attractive
alternative to the SM, which allows for new phenomena in the scalar sector [30]. To
discover another Higgs doublet in the future LHC experiments, a lot of efforts have been
taken for the ¢t searches with the novel techniques [31-34], the decays of hZ final states [35],
and the charged Higgs searches [36] as well.! Most of the current studies focus on the CP-
conserving (CPC) version of 2HDM. Originally, the 2HDM was motivated to offer extra
CP-violation (CPV) sources from the scalar sector [39]. Recently, it was also pointed out
that the CPV 2HDM is likely to realize the EW baryogenesis [40], which is one of the
most popular solutions to the baryon asymmetry in the Universe. Three neutral Higgs
bosons, denoted as (hi , ho,h3), mix with each other in the CPV 2HDM. There are two
angles of ap and «,. to parametrize the size of the CPV effects, and the CPC limit can
be easily restored by taking ap = a. = 0. The 125 GeV SM-like Higgs boson, often
chosen to be hp in the spectrum, is a mixture of both CP-even and CP-odd states [41-45].
Such CPV couplings for the SM-like Higgs bosons are subject to the constraints from the
searches for the electric dipole moments (EDMs) of the neutron, atoms, and molecules.?
One of the most stringent one is from the ACME collaboration [48], where they reported
an upper limit on the electron EDM (eEDM) of |d,/e| < 8.7 x 1072 cm. This bound can
be translated to constrain the size of the CPV mixing through the Barr-Zee type diagrams.
More specifically, we find that the sizes of the CPV mixings also determine the sizes of the
Higgs cubic self couplings. Together with other existing constraints to the CPV 2HDM,
which include the 125 GeV Higgs boson signal strengths, the perturbative unitarity and
stability of the Higgs potential, and the constraints from the LHC searches for the heavy
Higgs bosons, one can find the constraints to the heavy Higgs boson mass ranges and
the sizes of the Higgs cubic self couplings. Therefore, the cross sections of the Higgs pair
productions in the CPV 2HDM can be envisioned for the future experimental searches at
the LHC and the SppC.

This paper aims to study the Higgs pair productions in the framework of the CPV
2HDM, including the precise measurement of the SM-like Higgs cubic self couplings at the
ete™ colliders, and the resonance contributions in the gluon-gluon fusion (ggF) production
channel at the pp colliders. The layout of this paper is described as follows. In section 2, we
review the setup of the CPV 2HDM. With the assumptions of the degenerate heavy Higgs
boson mass spectrum, we take the simplified parameter sets of & = —w/4. We also obtain
the gauge couplings, Yukawa couplings, and the self couplings for Higgs bosons in the
physical basis. In section 3, we impose series of constraints to the CPV 2HDM parameter
space. The combined constraints of 125 GeV Higgs signals and the eEDM bounds point

!See also refs. [37, 38] for recent summaries of various search modes in the 2HDM at the LHC 14 TeV
experiments.
2See, e.g., refs. [46, 47] for recent reviews.



to the tg ~ 1 parameter choice. The size of the CPV mixing angle |ay| is also bounded
from above. For the CPV 2HDM-I, the CPV mixing is stringently constrained to be
lap| < 5 x 1073, which is quite approaching to the CPC limit. For the CPV 2HDM-II, the
constraints to the CPV mixing are much relaxed, and we focus on this case for the Higgs pair
productions. The constraints from the unitarity, the stability, and the current LHC 8 TeV
searches for the heavy Higgs bosons further restrict the allowed mass ranges of the heavy
Higgs bosons and the soft Zs-breaking mass term of mgo;. The main results of the Higgs
pair productions in the CPV 2HDM are presented in section 4. By combining the current
constraints, we show that the variations of the Higgs cubic self couplings are controlled by
the size of the CPV mixing angle |a;| and the soft mass term mgqg in the 2HDM potential.
A set of benchmark models are given with the fixed CPV mixing angles and the maximally
allowed soft mass terms. Under the small CPV limit, the Higgs cubic self coupling of
A111 for the SM-like Higgs boson tends to the SM predicted value of )\%\fh ~ 32 GeV,
and the resonance contributions become negligible as well. The corresponding Higgs pair
production cross sections will tend to the predictions for the SM case. We estimate the
physical opportunities of the precise measurement of the SM-like Higgs cubic self coupling
A111 at the future high-energy ete™ colliders, with focus on the ete™ — hhZ process at
the /s = 500 GeV run. On the other hand, the heavy resonance contributions to the
Higgs pair productions can become dominant at the pp colliders. The cross sections for the
possible experimental search modes of h1hy — (bbyy,bbW W) are estimated for both LHC
14 TeV and SppC/Fcc-hh 100 TeV runs. In addition, several other possible search modes
of WtW~,ZZ ,hZ) are also mentioned. The conclusions and discussions are given in
section 5.

2 The CPV 2HDM

2.1 The CPV 2HDM potential

In the general 2HDM, two Higgs doublets of (®1,®2) € 241 are introduced in the scalar
sector. For simplicity, we consider the soft breaking of a discrete Zo symmetry, under which
two Higgs doublets transform as (®1,®2) — (—®1, P2). The corresponding Lagrangian is
expressed as

L= |DOf -V (d1,Py), (2.1a)
i=1,2

1 1
V(®1,05) = md)| @17 + mdy|@af? — (miy®]®s + Hoc.) + 5)\1!‘I’1|4 + 5)\2!‘I’2|4
1
23] @12 @2 + M| @[ a? + 5 [ As(@]@2)” + H.C.} : (2.1b)

with (m?,,\5) being complex and all other parameters being real for the CPV 2HDM.
After the EWSB, two Higgs doublets ®; and ®» in the unitarity gauge can be expressed as

—85H+ 65H+
(I)lz ’ (b2:

5 (01 + HY —isg A”) %(vgeiﬁ + HY +icgAY)

) (2'2)



where v? + v2 = v? = (v/2GFr)~!. The ratio between two Higgs VEVs is parametrized as

tg = tanff = 0—2, (2.3)
U1

and £ represents the relative phase between two Higgs doublets. The imaginary components
of m3, and A5 are the source of CP violation, which lead to the mixings among three neutral
states as (hy, ha,h3)T = R (HY , HY , AT, Explicitly, the 3 x 3 mixing matrix is expressed
as [50]

R = Ras(ae)Riz(aw)Riz (O‘ " ﬂ>

2
—SaCay CaCay Say,
= | SaSaySa. — CaCa. —SaCa — CaSaySae CapSae | - (2.4)

SaSayCa + CcaSa. SaSa. — CaSapCa. CapCa,

The angle o parametrizes the mixing between two CP-even states of (HY, HY). The CPV
mixing angles of a;, and . parametrize the CP mixings between (HY, A%) and (HY , AY),
respectively. Their ranges are taken as

3

™ T
il T ea < 2.
9 = 2 g =% =7 (2.5)

In the CPC limit, one has ap = a. = 0. Correspondingly, R becomes block diagonal, and
(h1, ha) are purely CP-even states.

By minimizing the CPV 2HDM potential, one obtains the following relations for the
mass parameters

miy = Re(miye™)ts — %[)\17)20% + (A3 + )\4)023% + Re()\5e2i£)v28%] . (2.6a)

m3y = Re(mipe’)/ts — % [Agvzs% + (A3 4+ A)v’ch + Re(AseQif)v%é} , (2.6b)
Im(m3ye®) = %UQSBCgIm()\562i£). (2.6¢)
The physical masses of (M, My, Ms, M) in the scalar spectrum are obtained from the

2HDM potential together with the minimization conditions given in egs. (2.6). The charged
Higgs boson mass squared reads

1
Spep

The mass squared matrix for the neutral sector can be expressed as

. 1 4
M} = —Re(mi,e®) - 5 [)\4 + Re(Asei€) |02, (2.7)

)‘1626 + 1/8% (A345 — v)spcp —%Im()\5e2i5) s
M3E = (Aga5 — v)spcp /\28% + VC% —%Im()@e%g) cg | v7, (2.8)
—2Im(Ase?®) s5 —3Im(A5e%%) ¢z —Re(A5e?€) + v/
with the short-handed notations of

Re(mﬁeif)

A345 = A3 + \g + Re(A5e%) v 5
v2sgep

(2.9)



By diagonalizing the mass squared matrix with the mixing matrix in eq. (2.4), one has
M2 = RT diag(M? , M2, M2) R, (2.10)

from which one further obtains the relations to trade the quartic Higgs self couplings into
the physical inputs as follows

MPR3, + M3R3, + M3R3,

A\ = el —vi3, (2.11a)
Ay = MR, + ]\?221?2 + MyRE _ v/t3, (2.11Db)
2 ’ 2 2 2
A3 = v+ 2?}% 4 MrRnRz + Mzz;g;” FMRaRe - (210)
M o= 2v— 22? — Re(\5e%), (2.11d)
Re(A\5e*%) = v — MiRY, + M%j;%?’ + MyR3, , (2.11e)
Im(\s5e%%) = _11251@5 [(MfRans + M3Ra1Ra3 + MiR31R33)cs

+(M12R12'R13 + M22R22R23 + M32R32R33)55 . (2.11f)

For simplicity, we can always work in the basis where & = 0 by using the rephasing invari-
ance. We also assume that Re(m?2,) > 0, and use the notation for the soft mass term as

2, = Re(md,) . (2.12)

The elements of (M3)13 and (M3)23 in eq. (2.8) provide the CPV mixings, which are
related via tg as

(MG)13 = (M§)asts . (2.13)

This leads to one additional constraint between mixing angles and mass eigenvalues as
follows [50]

(Mf — M;sic - M3262c>804b(1 +ta) = (M — M:%)(tatﬁ — 1)Sa,Ca, - (2.14)

«

In the analysis below, we always identify h; as the SM-like Higgs boson with mass of
125 GeV. We further simplify the parameter inputs by requiring all heavy Higgs boson
masses are degenerate, i.e., My = M3 = M. = M. This was usually taken to relax the
constraints from the electroweak precision measurements. The constraint of eq. (2.14)
among the mixing angles becomes

ap =0, or to=-—1. (2.15)

Below, we will always take o = —7/4.% The input parameters of (3, a;) will be determined
through other constraints. Since a. determines the size of the CPV mixing between two

3The study of the phenomenology with the CPV mixings of las| < |ae| is carried out in a separate
work [51].



mass-degenerate Higgs bosons of hy and hg in our setup, one can anticipate that a, becomes
unphysical in physical processes to be studied below. Without loss of generality, we always
take a. = 0 for simplicity.

Thus, the set of input parameters can be summarized as follows

M1 =125 GeV, M2 = M3 = M:I: = M, Mgoft
Z, tg, op,  ac=0. (2.16)

o= —
Analogous to the CPC version of the general 2HDM, the parameter choice of 8 — a = 7/2
corresponds to the so-called “alignment limit”. This can be achieved when taking into
account the signal fit to the 125 GeV SM-like Higgs boson hi, as shown later. By further
combining with the eEDM constraints, we will fix the parameters of 3 and a3 and constrain
two other mass parameters of M and mg.g for our later discussions.

2.2 The couplings in the CPV 2HDM

For simplicity, we focus on the 2HDMs where the Yukawa sector has a Zs symmetry and ®;
and ®5 each only gives mass to up-type quarks or down-type quarks and charged leptons.
This is sufficient to suppress tree-level flavor changing processes mediated by the neutral
Higgs bosons. The Yukawa couplings for the 2HDM-I and 2HDM-II read (and suppressing
the CKM mixing),

<Camu>QLci>2uR - <Camd>QL<I>2dR+h.c. 2HDM — I
85 v Sﬁ v
[ (2.17)
_<Camu>QL(i>2uR+ <3°‘W>QL<I>1dR+h.c. 2HDM — 11,
S/g v CB v

where Qf = (ur,dr) and Py = 109®@3. For both cases, the charged lepton Yukawa coupling
has the same form as that of the down-type quarks. Therefore, we can express the couplings
between neutral Higgs bosons and the fermions and gauge bosons in the mass eigenbasis

h;
— . 2.18
)

3
L= [=mg(craff+épifinsf) + ai (2myy W, W + m% Z,7")]
=1

When cf;¢r; # 0 or a;¢p; # 0, the mass eigenstate h; couples to both CP-even and CP-
odd operators, so the CP symmetry is violated. The coefficients of cf;, ¢f; and a; can be
derived from the elements of the rotation matrix R defined in eq. (2.4), which were also
previously obtained in refs. [52-54]. Here, we summarize their explicit expressions under
the alignment limit in table. 1. In this alignment limit of 8 — o = 7/2, the Higgs Yukawa
couplings and Higgs gauge couplings are determined by the CPV mixing angles of (a3, )
and tg. By taking the CPC limit of a, = o = 0, it is evident that (h;, ho) have the purely
CP-even Yukawa couplings of c¢s ;, while hg has the purely CP-odd Yukawa couplings of
cr ;- The previous studies of the collider measurements of the CPV in the Higgs Yukawa
couplings can be found in refs. [43, 55-62].



2HDM-I 2HDM-II
Cu,1 Cay, Cay,
Cd ,1 = Cf ,1 Cab Cab
Cu 1 —5a,/t8 —Sa,/ts
a1 =Cp Say /18 —Say g
ai Cay, Cay,

Cu 2 Cac/tB — SaySae Cac/ts — SapSae
Cd2=Ct2 | Ca/tg— SaySac | —SaySac — Caclp
Cu 2 —CaySa./t —CaySa./t8

Cd,2 = Cp 2 CapSac/tp —Cay, Sa. g
as —SaySae —SaySae
Cu 3 —Sae /tﬂ — Sy Cac —Sac /tﬁ — Sy Cac
Cd3=C 3 *Sac/tﬁ — SapCac | —SapCac T Sa. tp
Cu 3 —CayCa,/tp —Cay,Ca /s
Cd 3= Ce ,3 Cabcac/tﬁ —Cay,Ca,
as —SayCare —SayCae

Table 1. The SM fermion and gauge boson couplings to Higgs mass eigenstates in the alignment
of f—a=m/2.

By extracting the cubic terms in the scalar potential eq. (2.1b), we can obtain the
Higgs cubic self-interacting terms. The neutral part of the cubic terms are expressed as
follows in the basis of (HY, HY, A%)

1 1 1
—L3s/v = Shcg(HY)" + S hasp(Hy)* + S Aaas [%H?(HS)2 + SBHS(H?V}
1
+§{05 [)\18% + )\3450% — 2Re()\5)] H? + sp |:)\QC% + )\3458% - QRG()\E,)} HS}(AO)z
1
—§Im(/\5){2 HOHIA® + sgc; [(Hf)? +(HD)? - (AO)?} }AO . (2.19)

From these terms, one can readily obtain the cubic interactions in terms of the mass eigen-
states of (h1, he, hg) by using the orthogonal mixing matrix R from eq. (2.4). Throughout
our discussions, we define the Higgs cubic self couplings of A (4,7,k =1,2,3) to be the
coefficients of the h;hjhy term from eq. (2.19)

1 s
k=S 0h; Oh; Ohy,’
where the symmetry factors are such that S!'=3!=6fori=j =4k, S! =2 fori =j # k,

A (2.20)

and § = 1 for ¢ #% j # k. A general derivation of the Higgs cubic self couplings in
the CPV 2HDM was previously studied in refs. [63-65]. The explicit expressions of i
are tedious, while they can be greatly simplified with the fixed parameters through the
following discussions.



3 The constraints in The CPV 2HDM

3.1 The 125 GeV SM-like Higgs boson constraint

In the CPV 2HDM, the productions and decay rates of the 125 GeV SM-like Higgs boson
hi are controlled by both CP-even couplings of ¢y ; and CP-odd couplings of ¢; ;. The
production cross sections and decay rates are rescaled from the SM one as follows,

olgg — k1] (L.03cy 1 —0.06¢q1)* 4 (1.57¢,,1 — 0.06¢4,1)*

olgg — hsw] (1.03 — 0.06)2 ’ (3-1a)
Llhs = y] (0230 — 1.04a1)% 4 (0.35¢, 1)* (3.1b)
Tlhsm — 77 (0.23 —1.04)2 ’ '
O'[VV — hl] O'[V* — Vhl] F[hl — VV*] 2
o[VV = hsv]  o[V* — Vhsm]  Dlhsy — V] 0 (3-1c)
F[h1—>bb] _ F[h1—>7'7'] %03714-5371. (3.1d)

F[hSM — bl_)] F[hSM — TT]

For the production cross sections and decay rates of the SM Higgs boson, we use the results
from the LHC Higgs Working Group given in refs. [66, 67]. The LHC signal strengths of
the SM-like Higgs boson in the presence of the CPV were discussed in refs. [52-54, 68-75].
From table. 1, one notes that the relevant Yukawa couplings of (cf 1,¢f 1) and the Higgs
gauge couplings of a; are only controlled by the Higgs VEV ratio of 3 as well as the
CPV mixing angle of ap. The heavy Higgs bosons in the spectrum are either irrelevant
or negligible for the signal fit of hy. Based on the most recent LHC measurements of the
125 GeV signal strengths [76-81], we fit the signal strength of hy on the (¢g,|oy|) plane
and present the results with the eEDM constraints later.

3.2 The eEDM constraints

The ACME experiment [48],which searches for an energy shift of ThO molecules due to an
external electric field, set stringent experimental bound to the eEDM.* The bound reads

de

<87x10"¥cm. (3.2)
(&

The eEDM constraints to the CPV 2HDM-II were previously studied in the refs. [40, 53].
The effective Lagrangian term is given as follows

e0eMMe
02

Log = —%deéau,/yg,e PP =4 eouyse F* (3.3)
after integrating out the internal heavy degrees of freedoms. The constraint in eq. (3.2)
can be converted to the bounds of the dimensionless Wilson coefficient of d. in eq. (3.3)
such as

2me _
15| < 8.7 x 107 em. (3.4)
v
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Figure 1. Left: the eEDM from the Barr-Zee type diagrams with the h;V,,, V# or hivlwff‘“’
operators (with V,,, = F,,,/Z,,), and the CPV couplings between the neutral Higgs bosons h;
and the electron. Right: the eEDM from the W*HT interactions and the CPV couplings for the
charged Higgs bosons.
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Figure 2. The signal strength fit to the 125 GeV Higgs boson h; and the eEDM constraint (light-
blue shaded region) on the (¢35, |as|) plane, left panel: CPV 2HDM-I, right panel: CPV 2HDM-II.
The green and yellow regions correspond to the 10 and 2 ¢ allowed regions for the LHC 7@ 8 TeV
signal fit to the hy in the CPV 2HDM.

In the CPV 2HDM, the Wilson coefficient J. are contributed by the two-loop Barr-Zee
type hiyy(h;Zv) diagrams [82], and the H*W ¥~ diagrams, as depicted in figure 1. The
hiyy(hiZ~) diagrams include the contributions from: (i) the top-quark loops, (ii) the W-
boson and the NGB loops, and (iii) the charged Higgs boson loops. The total contributions
can be summarized as follows

Be = (Bt + (o) + ()52
hiZ hiZ hiZ H*WT
+(0e) 7 + (o) + (cse)Hj[7 + (56),” v, (3.5)
Here, the superscripts of h;yy, h; Z7, and HE¥W T~ represent the operators for the specific

Barr-Zee type diagrams. The subscripts of (¢, W, H*  h;) represent the particles in the
loops. Explicit expression for each term can be found in refs. [83-85], and summarized in

*As noted by [49] that current limits on the hadronic EDMs might provide similar sensitivities as the
electron EDM, roughly de/d, ~ 1072, thus one could expect that '?Hg measurement [50] would give
rises to complementary constraints on CP phases though hadronic EDMs are subjected to uncertainties of
hadronic matrix elements [47].



the appendix of ref. [53]. Numerically, the leading contributions to the Wilson coefficient 4,
are mainly due to the (6.)"77 and (8.)"47 terms, while the contributions from the other
heavy Higgs bosons of (hg 3, H +) can be safely neglected. These terms are proportional
to the CP-odd couplings of ¢f 1, and further proportional to the CPV mixing angle ay
according to the Yukawa couplings listed in table. 1.

The eEDM upper bound from the ACME is converted to the constraints to the CPV
2HDM parameters on the (ts,|ap|) plane. The combined 125 GeV Higgs boson signal
constraints and the eEDM constraints are shown in figure 2. It is clear that the eEDM
bound is the leading one to set upper bounds to the CPV mixing angle of |y, as compared
to the fits of the SM-like Higgs boson signal strengths. For the CPV 2HDM-I (left panel),
the size of CPV mixing angle is significantly bound as |ap| <5 x 1073, and the 1o allowed
range of tg is within (0.9,1.7). For the CPV 2HDM-II (right panel), the allowed region
of the CPV mixing angle can be extended to |ap| < 0.1, while the 10 allowed range of
tg is basically around 1.0. It has been noted in ref. [40] that the maximal cancellations
between the h; F*VV,,,, operator and the h;F' “”VW operator can be achieved with the input
of tg ~ 1 in the CPV 2HDM-IL In order to highlight the CPV effects in the Higgs self
couplings in the following discussions, we will focus on the CPV 2HDM-II with the fixed
inputs of @« = —m/4 and tg = 1.0. Furthermore, we also find that the Higgs cubic self
couplings almost approach to the SM limit when the CPV mixing angle can be constrained
as small as |ap| < 0.01. As stated in the previous paragraph, the Wilson coefficient of 4,
depends on the CPV mixings almost linearly. Therefore, if the future measurements of
the eEDM can improve the precisions to an order of magnitude or more, they can be very
useful to constrain the benchmark models for the Higgs pair productions in this setup.

3.3 The unitarity and stability constraints

To have a self-consistent description of the 2HDM potential, two other theoretical con-
straints should be taken into account, namely, the perturbative unitarity and the stability.

Very roughly speaking, the perturbative unitarity constraint means that the theory
cannot be strongly coupled. According to the relations listed in eqgs. (2.11), the constraints
to the self couplings of A\; can be converted to upper bounds to the Higgs boson masses
and the soft mass term of mgyr in the 2HDM. In practice, the necessary and sufficient
condition of the tree-level unitarity bounds can be obtained by evaluating the eigenvalues of
the S-matrices for the scattering processes of the scalar fields in the 2HDM [86, 87]. Due to
the Nambu-Goldstone theorem, the S-matrices can be expressed in terms of 2HDM quartic
couplings \;. Explicitly, the unitarity conditions to be satisfied are that the eigenvalues of
each S-wave amplitude matrix should be € (—=1/2,1/2). The S-wave amplitude matrices
are due to fourteen neutral, eight singly-charged, and three doubly-charged scalar channels.
They read

1 1
neutral a) : |7 7)), mErT), — |77y, —|h;h;) ,
0 | i z> | 1 2> \/§| 7 z> \/§| >
himg),  [7me),  |haha),
|hmy) |ham?) (3.6a)

~10 -
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Figure 3. The combined perturbative unitarity and stability bounds on the (M , mg.) plane for
the CPV 2HDM-II. Left: the 2HDM-II with the fixed inputs of (|as|,ts) = (0.1,1.0), right: the
2HDM-II with the fixed inputs of (|ay|,¢s) = (0.05,1.0). The yellow shaded regions are excluded
by the unitarity bounds, and the gray shaded regions are excluded by the stability bounds.

singly-charged aJ : |7, 7Y), |t hdy
i), mAt), wfhe), m ), (3.6b)
1 1
doubly-charged af ™t : —=|rini), —=|nEr¥), |mEns) . (3.6¢)

V2

The S-wave amplitude matrices for three different channels are expressed as

1
a8 = ﬁdlag(X4><4;Y4><4,Z3><37ZS><3) s (3.7&)
1
CLS_ = 7d1ag(}/4><4 y Z3><3 s )\3 — )\4) y (37b)
167
1
aa_+ = 1677TZ3><3 (37C)

where the expressions for the submatrices of (Xgx4,Yix4, Z3x3) are given in the ref. [87].
The stability constraints require a positive 2HDM potential for large values of Higgs
fields along all field space directions. Collectively, they lead to the following conditions

)\172 >0, Az > —V/ A1 )g, A3+ Ny — ‘)\5| > —v/ A1, (3.8)

with A\¢ 7 = 0 assumed. The combined constraints from the perturbative unitarity and
stability to the (M ,mgog) parameter regions for the CPV 2HDM-II are shown in figure 3
with the fixed input parameters of (|ap|,t3) = (0.1,1.0) (left panel) and (|ap|,t5) =
(0.05,1.0) (right panel). It turns out that the combined perturbative unitarity and stability
put upper bounds to the heavy Higgs boson masses of M < 1.0 TeV for |ap| = 0.1, or
M < 1.2 TeV for |ap| = 0.05. The stability constraints of (3.8) bound the soft mass term
of mgofy from above. As seen from egs. (2.11), very large values of mgog will pull A 2 into
the negative regions, which violate the conditions described by egs. (3.8). Later, we will
find that the Higgs cubic self couplings, such as A113 in our case, become enhanced with
the large soft mass inputs of mgor when they are close to the stability boundary.
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3.4 The LHC searches for heavy Higgs bosons

The constraints to the signal strengths of the 125 GeV SM-like Higgs boson h; and the
eEDM put bounds to the parameters of (|ap|,t3). The unitarity and stability constraints
put upper bounds to the mass input parameters of (M , mgog). Below, we take into account
the constraints from the 768 TeV LHC searches for the heavy Higgs bosons in the 2HDM
spectrum. Such constraints were previously given in ref. [54], where authors included the
constraints from hg 3 - WW/ZZ and hy 3 — Zhy — (T 07bb final states. Additionally,
there have been recent experimental searches to the hh — bby~y final states from both
ATLAS and CMS collaborations, which are included in our studies.

3.4.1 The heavy Higgs productions

The cross sections of the heavy Higgs bosons via the ggF channel can be rescaled from the
SM-like Higgs production with the same mass as

, 2 o A2
rlgg —+ hi)_ |erAa(D) + i AT @]+l + il () (3.9)
— h - i i 2 ’ )
olgg ) ‘A{Im(ﬁ) + AEQ(Tb)
with the variable of

. M?
b= _"1 =1t.b. 3.10
HE g =t (3.10)

The cross sections of the heavy Higgs bosons via the VBF channel can be rescaled from
the SM-like Higgs production with the same mass as
— qqh;
olaq — qqhsm]
3.4.2 The heavy Higgs decays

Here, we list the partial decay widths of the heavy neutral Higgs bosons at the leading
order (LO). The partial decay widths into the gauge bosons are
I'lh; — VV] 9

_ 12
Tlhew — VV] % (3.12)

with V = (W*,Z). The partial decay widths into the SM fermions are

Llhi — ff] 2 (s 2
———= = (¢r4)° + (Cf;)“. 3.13
We also consider the non-standard decay modes of the heavy Higgs bosons, which include

h; — h1Z, H* — hlwi, and h; — hihi. Their partial decay widths are

|gi1=|? (M1 +mz)? (M —mg)?
5 v T U vl | U v

)

1
X |:7nQ(Mi2 — M?P)? — (2M7 +2M7 — m%)] . (3.14a)

Z
2 4M?
Llhi = hihi] = ﬁ 1- ngy (3.14b)
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Figure 4. The combined unitarity and stability bounds on the (M, mgog) plane for the CPV
2HDM-II, with fixed parameter of t3 = 1.0. Left: |ap| = 0.1, right: |ap| = 0.05. The pink shaded
regions are excluded by the LHC searches for the heavy Higgs bosons.

where g;,1 = (6/821/[/)[(—857211 + CB'ng)Rig — (—857?,1'1 + CﬁRig)ng]. The cubic self cou-
plings of Aj1; are obtained in eq. (2.20) from the Lagrangian terms in eq. (2.19), and their
expansions in terms of the CPV mixing angle a4 are given in eqs. (4.2) later. By fixing the
parameter choices of the alignment limit and «a, = 0, we find the non-vanishing couplings

of go.1 = —(e/saw)Sq, and A113 # 0.

3.4.3 The experimental search bounds

The current LHC experimental searches for the heavy Higgs bosons are performed via
the (WW ,ZZ) final states [88, 89], the H — hh — bb + vy [90, 91], and A — hZ —
(bb 400~ /7H7~ 4 £107) [94, 95]. Since we always assume that My = M3, the constraints
to the heavy Higgs boson searches at the LHC are imposed to the cross sections of o[pp —
ho / hg — XX ]

olpp — ha/hs — X X| = o[gg — ha] X Brlha — X X]
+o[gg — hs] x Br[hs — X X], (3.15)

where we consider the leading production channel of ggF obtained from eq. (3.9). The decay
branching ratios are obtained from the partial decay widths of egs. (3.12), (3.13), (3.14a),
and (3.14b) evaluated at the LO. We find the most stringent constraint to the heavy Higgs
boson searches are from the recent CMS searches for the resonances with two SM-like Higgs
bosons in ref. [91]. By converting all heavy Higgs boson constraints to the (M , mg.g ) plane,
we find the mass regions of Ms 3 < 600 GeV are excluded for |ap| = 0.1, or My 3 < 500 GeV
are excluded for |ap| = 0.05, respectively. The current B-physics data also excludes the
charged Higgs boson mass greater than My ~ 340 GeV for 2HDM-II [92, 93]. Combining
with the previous unitarity and stability constraints, we display the allowed parameter
regions of (M ,mgog ) in figure 4. Accordingly, we consider two scenarios of

(i) ¢ || = 0.1, with M, 5 € (600 GeV,1000 GeV),
(ii) : |ap| = 0.05, with My 3 € (500 GeV,1200 GeV), (3.16)

for the Higgs pair productions at the future high-energy e*e™ and pp colliders. A set of
benchmark models for the |ap| = 0.1 and |ap| = 0.05 cases are listed in table. 2, where the
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|ap] = 0.1 |a| = 0.05
My = M3(GeV) | mgo(GeV) | AM11(GeV) | AM13(GeV) | mgore(GeV) | A11(GeV) | A13(GeV)
500 e N . 350 29.37 —70.33
600 400 19.45 —173.75 420 28.28 —102.66
700 440 16.80 —200.04 480 27.19 —133.01
800 480 13.89 —227.22 540 25.96 —167.14
900 520 10.74 —255.31 600 24.57 —205.05
1000 560 7.33 —284.30 660 23.05 —246.72
1100 .. .. e 710 21.66 —280.60
1200 e e e 770 19.87 —328.86

Table 2. The CPV 2HDM-II benchmark models for the CPV mixing angles of |ap| = 0.1 and
|ap| = 0.05. The heavy Higgs boson mass ranges are chosen according to eq. (3.16). The non-
vanishing Higgs cubic self couplings of A11; and A13 are listed for each model.

soft mass terms of mgyp are chosen to be close to the stability boundary for each heavy
Higgs boson mass. In the next section, we will study the Higgs pair productions at the

future ete™ and pp collider experiments based on these benchmark models.

3.5 The EW precision constraints

The Peskin-Takeuchi parameters of (S,T') for the EW precision tests were obtained in
refs. [30, 96-100] for the 2HDM. In our simplified case with the alignment limit, the
degenerate masses of My = M3y = M4, and a. = 0, they read

1 m? A
AS = Mv‘gy{cng(Mi , M2, m7) + [G(ME,MQQ ,m%) + G(MzszamQZ)]Sib
. MZMZM?
H[o0nng) + G m)] 2, +10g (M)
M2
R M?
608 ) 10 (S ], (3.172)
y M:l:
1
aAT = mAl(mW — mz)sib . (3.17b)

for a reference value of the SM Higgs boson mass My rof = 125 GeV. Here, we denote
Ay = My — My, and the functions of G(x,y, z), G(x,y) are given in [96]. By employing
the current Gfitter fit to the EW data [101], the parameters are founded to be constrained
by T parameter mostly for the CPV parameter oy allowed by figure 2, and the degenerate

masses of heavy Higgs bosons relax the constraints again.

4 Higgs pair productions at the colliders

In this section, we study the SM-like Higgs pair productions in the framework of the CPV
2HDM. The SM-like Higgs cubic self coupling of A11; are modified due to the varying
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inputs of the soft mass term and the CPV mixing angle. Therefore, we will discuss the
precision measurement of \i1; at the future ete™ colliders for the benchmark models in
table. 2. We will also focus on the most dominant channel for the resonance contributions,
namely the ggF process at the hadron colliders, which include the LHC 14 TeV and the
future SppC/Fcc-hh 100 TeV runs.

4.1 The Higgs cubic self couplings

Before evaluating the cross sections of the Higgs pair productions, it is necessary to look at
the behaviors of the relevant Higgs cubic self couplings of A11; (i = 1,2,3). Following the
previous constraints, we fix the parameters of (o ,tg) = (—n/4,1.0), and keep the input
of a, = 0. With these assumptions, we find that only A1 and Ajy3 survive, and Aqis is
always vanishing. Their explicit expressions in the mass eigenbasis read

C
)\111 = 2&[5 |:M12 (Sib + Céb + Sgab) + 2M32 84041) - 4m30ft Sib ? (41&)
S
Al13 = % |:M12 (3 Ciay T 862ab — 3) — Mg? (3 Cay — 402ab — 3)
—8m2 g, (3 a0, + 1)] . (4.1b)

Since the CPV mixing angle of oy is typically small by imposing the eEDM constraints, it
is also useful to expand the cubic couplings in terms of the «y angle as follows
M 3ME —8m?

)\]_1]_ ~ % + TSO& . Oé% + O(OL%) s (42&)

2ME 4+ M3 —8m?
2v

12

A113 -ap + O(Oé%) . (4.2b)
The Higgs cubic self coupling of A11; starts with the SM predicted values of )\,SL}\L/Ih ~ 32 GeV,
plus the higher order corrections of O(a7). The overall magnitude of 113 is controlled by
the size of the CPV mixing angle «p. Hence, one can expect that the improvement in
the precisions of the eEDM measurements will reduce the size of the heavy resonance
contributions to the Higgs pair productions via the ggF' process.

In figure 5, we plot the Higgs cubic self couplings of A111 and Aq13 for the Ms = M3 =
600 GeV case with different CPV mixing angles of a; in the CPV 2HDM-II. The lower
and upper bounds of the soft mass inputs mg.s; in these plots are from the perturbative
unitarity and the stability constraints, respectively. For a fixed input of a4, the Higgs cubic
self coupling of A\111 becomes smaller than the SM predicted value with the increasing inputs
of mgorg. On the other hand, when the CPV mixing angle becomes as small as «; = 0.01,
the Higgs cubic self coupling of 111 is basically the same as )\}SL% ~ 32 GeV. The other
Higgs cubic self coupling of 113 also decreases from positive regions to negative regions
with the increasing inputs of mgug. Its variation is also controlled by the size of the CPV
mixing angle of ay, as seen from its behaviors with the different inputs of the CPV mixing
angle of ap, = (0.1,0.05,0.01). For the My = M3 = 600 GeV case, A\113 tends to zero when
the soft mass term is mgop >~ 220 GeV, as can be evaluated from eq. (4.2b). Thus, one
would expect the corresponding resonance contributions to vanish. When the soft mass
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Figure 5. The Higgs cubic self couplings A111 (left) and A3 (right) versus mgog, for the My =
M3 =600 GeV case in the CPV 2HDM-II, with fixed inputs of &« = —7/4 and tg = 1.0.

deviates from this value of mgy, >~ 220 GeV, either increases to the stability boundary
or decreases to zero, |Aj13| increases. Correspondingly, one can expect large resonance
contributions for such parameter inputs.

4.2 The precise measurement of A\i1; at the future et e~ colliders

The future high-energy e*e™ colliders provide opportunities of measuring the SM-like Higgs
cubic self couplings. The direct measurements can be achieved via the ete™ — hhZ process
with the center-of-mass energy of /s = 500 GeV, or via the vector boson fusion process
of efe”™ — hhvev, with the center-of-mass energy of /s = 1 TeV [14, 15, 17]. The
first advantage of the eTe™ colliders is that the relevant Higgs-gauge couplings for these
processes can be precisely measured to the percentage level at the /s = 240 — 250 GeV
runs [14-16]. For the CPV 2HDM, one has the Higgs-gauge couplings of

2

2
_ SM _mz _ . sM _ mz
9127 = 9nhz7 Cap, = o Cay » 12z = Ghhzz =

52 (4.3)

with dg177 = ’glzz — gg}/lz < O(1%) after imposing the eEDM constraints. The second
advantage of the eTe™ colliders is that the contributions to the total cross section from the
heavy resonance of h3 are typically less than O(107%), hence they are negligible. Therefore,
it is a good approximation to assume the SM predicted values for the Higgs-gauge couplings,
and only vary the Higgs cubic self coupling of A;11. The ratio of the total cross section of
olete™ — hhZ] to its SM counterpart can be parametrized as follows

J[@Jre* — hlhlZ]

= 0.097 €21 + 0.369 0.534 4.4
olete > hhZlsu §in + S+ , (4.4)

at the TLEP and ILC 500 GeV runs, with &7 = )\111/)\%%. The total cross sections at
the TLEP and ILC 500 GeV runs versus the ratios of different Higgs cubic self couplings
A1t/ )\%\fh are displayed on the left panel of figure 6. The ranges of A1 in two set of
benchmark models with |ap| = 0.1 and |ap| = 0.05 are also shown in the light-blue and light-
green shaded regions, respectively. From the results given in table. 2 for the benchmark
models, the Higgs cubic self couplings of A1 are always smaller than the SM predicted
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Figure 6. Left: the cross sections of o[eTe™ — hyhyZ] at the TLEP (red) and ILC (blue) 500 GeV
versus the different Higgs cubic self couplings. Right: the expected accuracies on the Higgs cubic self
couplings at the future e™e™ colliders, and the AX;11/ /\,S}fh for the benchmark models of |ap| = 0.1
and |ap| = 0.05.

values. Thus, the corresponding cross sections of oleTe™ — hihyZ] are smaller than the
SM predictions at the TLEP and the ILC. On the right panel of figure 6, we display the
expected accuracies on the Higgs cubic self couplings for ILC500 (with [ £dt = 0.5 ab™1),
TLEP500 (with [ £dt =1 ab™!), ILC 1 TeV (with [Ldt = 1 ab™'), and CLIC 3 TeV
(with [ £dt = 2 ab™!). The deviations of the Higgs cubic self couplings Aij1 /AN
corresponding to the benchmark models of |ap| = 0.1 and |ap| = 0.05 are shown for
comparison. For the |ap| = 0.1 case, the largest deviations of Aj11 can be probed with
the accuracies reached by the TLEP 500 GeV; while for the smaller CPV mixing angle of
|ap| = 0.05 case, the largest deviations of A11; can be probed with the accuracies reached
by the ILC 1 TeV.

4.3 The pp — h1h;y in the CPV 2HDM

The parton-level differential cross sections of the Higgs pair production for both SM Higgs
and BSM Higgs bosons via the ggF process were previously derived in refs. [102-105]. For
the productions of the SM-like Higgs boson pairs, its differential cross section reads

do G?

2
Loy — hh] = P ) [cchr+cirm[ v o], @s)

where the dominant contributions are due to the top-quark loops. The form factors of
(Fa , Fo,Gp) are from the loop integrals of the triangle diagrams, the J = 0 partial wave
of the box diagrams, and the J = 2 partial wave of the box diagrams. Their explicit
expressions are summarized in the appendix of ref. [103]. The relevant coefficients are

given by
(6Annnv) £
ch = h 4.6
AT ST MZ M, (4.6a)
Gt = (&)*, (4.6b)
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with Appp and {Z representing the Higgs cubic self couplings and the dimensionless Yukawa
couplings of the SM-like Higgs boson, respectively. For the SM case, these couplings are

smy M}

Mo = 27?’ (EHEM = 1. (4.7)
The LO total cross sections for the LHC 14 TeV runs and the SppC 100 TeV runs can be
estimated by using Madgraph 5 [106] as follows

oitlop — hh] =17.34 b,  oiQ[pp — hh] = 806.6 fb. (4.8)

For the most general case in the CPV 2HDM, all neutral Higgs bosons of h; have both
CP-even and CP-odd Yukawa couplings. Furthermore, the heavy resonances enter into
the Higgs pair productions. The corresponding differential cross sections at the parton
level can be generalized from the results in the appendix of ref. [103] for the different CP
combinations of the final-state hy hy, which are expressed as follows

dé G%a? , 2
P lag = hi] = SOE S H ( 3 c@Fg + CEREP 1+ CAAFAA
q h;=h1 ,hs3

2
+’ < > CZ")Fg‘ + CIAFREA
hi=h1 ,h3

+‘C§hG%" + CAAGAA 2 + ‘C&AGEA 2} . (4.9)
The relevant couplings are
CEl = (cq1)?, (4.10a)
CAY = (&1)%, (4.10b)
CH = cqéq (4.10¢c)
ch — vy (4.10d)

§— M? +iML;’

S (911iv)¢q i

N VN VAV (4.10¢)
with g111 = 6A111 and g113 = 4X113. To evaluate the cross sections, we implement all
couplings given in egs. (4.10) into the FeynRules [107], and pass the UFO model files into
the Madgraph 5.

Now we present the results of the Higgs pair productions in the CPV 2HDM, by
combining all previous constraints. As one can learn from eq. (4.9), the cross sections of
o[pp — hihi] get modified from their SM counterparts due to: (i) the modification of the
Higgs cubic self coupling A111, (ii) the modifications of the top quark Yukawa couplings, and
(iii) the additional resonance contributions. Through the signal fit to the 125 GeV SM-like
Higgs boson h; and the eEDM constraints, the dimensionless Higgs Yukawa couplings are
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Figure 7. The cross sections of o[pp — hihy] at the LHC 14 TeV (left) and SppC 100 TeV (right)
versus the varying mgog for the My = M3 = 600 GeV case in the CPV 2HDM-II, with fixed inputs
of |ay| = 0.1.

bounded such that dcf 1 < 1% and é¢ ; ~ —0.1. Therefore, the box diagram contributions
are envisioned to approach to the SM predicted values. From the previous estimation of the
Higgs cubic self couplings for the My = M35 = 600 GeV case, we may either have the large
resonance contributions or go to the regions with the vanishing resonance contributions of
(AM11,A113) — ()\hhh, 0). For these two limiting scenarios, further simplifications can be
made for eq. (4.9), which are

46
resonances : d—? ~ 512 27T H ZCAFA’ + ‘ ZCh FA‘ } , (4.11a)
dé G
non — resonances : d—? ~ 5127 HC]“FA + CRh CSAFE‘A‘

2
+‘CEFA 4 ChA A ]
lotal + carad| +|etrartf] . @)

In figure 7, we display the LO cross sections of o[pp — hihi] at the LHC and the
SppC/Fcc-hh for the My = M3 = 600 GeV case. The solid curves represent the full
results by combining every term in eq. (4.9). We also show the hypothetical cross sections
of eq. (4.11b), where we turn off the Higgs cubic self coupling of Ajj3 while modify Aji;
according to eq. (4.2a). Thus, it is evident that the total cross sections approach to the
SM-like Higgs pair productions with the modified cubic self couplings. On the other hand,
the LO cross sections at the LHC (SppC) can be as large as ~ O(100) fb (~ O(6) pb)
when the soft mass approaches to the stability boundary for this case.

Furthermore, we evaluate the LO cross sections for the benchmark models listed in
table. 2. The typical cross sections subject all constraints in the previous context are
O(10) — O(100) fb at the LHC or O(1) pb at the SppC for the allowed mass ranges. The
corresponding results are displayed in figure 8, for benchmark models with |ap| = 0.1 and
lay| = 0.05, respectively. We display the cross sections with the hih; — bb + vy and
hihy — bb + WTW ™ final states. From the experimental side, the bb + v final states
are the leading one to look for the Higgs pair productions at the hadron colliders, in that
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Figure 8. The total cross sections of o[pp — hihi] via the ggF at the LHC 14 TeV (solid curves)
and the SppC 100 TeV (dashed curves). Left: the cross sections for the benchmark models with the
ap = 0.1 input, right: the cross sections for the benchmark models with the o = 0.05 input.
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Figure 9. The cross sections of the other search modes of the heavy Higgs bosons at the LHC
14 TeV (left panels) and the SppC 100 TeV (right panels).

the relevant SM background is under control. The LO cross sections for the bb 4 vy of
our benchmark models are ~ O(0.1) fb at the LHC, and they increase to O(10) fb at the
SppC. In addition, one may also consider the bb + W, W, final states with the aid of the
jet substructure technique [8]. The LO cross sections for the bb + WW of our benchmark
models are ~ O(10) fb at the LHC, and they increase to O(1) pb at the SppC.

4.4 Other channels

Besides the Higgs pair productions, we also have the other search modes for the heavy

Higgs bosons of hs/hg, such as di-bosons and Higgs plus Z. In figure 9, we display the
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cross sections of the other search modes of the heavy Higgs bosons, including pp — h; —
(WHW = — 202v,Z7Z — 4 ,hZ — bb+ £T47). The current LHC searches for the heavy
Higgs bosons via these channels can be found in refs. [88, 89, 94, 95, 108-110]. The cross
sections for these benchmark models are typically ~ O(0.01) — O(0.1) fb at the LHC,
and enhanced to O(1) — O(10) fb at the SppC. Analogous to the Higgs pair production
process at the resonance region, the decay branching ratios of Br[h; — WW/ZZ/hZ] x 3.
Therefore, the improvements of the precise measurements of the future eEDM experiments
can also suppress the expected cross sections for these final states.

5 Conclusion

The extended Higgs sector is a general setup with rich physical ingredients to address the
issues that are beyond the SM. Particularly, the spontaneous CPV can be achieved with the
general 2HDM setup. In this work, we study the Higgs pair productions in the framework
of the CPV 2HDM, with the focus on the leading production channel of the ggF. The set
of constraints to the CPV Higgs sector are taken into account, including the SM-like Higgs
signal fit, the eEDM constraint, the perturbative unitarity and stability constraints, and
the current LHC searches for the heavy Higgs bosons. Together with the simplification to
the model, we focus on the CPV 2HDM-II, where a relatively large size of CPV mixing is
possible at tg ~ 1.

The Higgs cubic self couplings play the most crucial role for the Higgs pair production.
For our case, two relevant cubic self couplings are A111 and A113, which are controlled by
the soft mass term mgg and the CPV mixing angle of ag. The precise measurement of the
SM-like Higgs cubic coupling of A111 can be achieved via the et e™ — hih1Z and ete™ —
hihivev. processes at the future high-energy ete™ colliders. The benchmark models in
our discussions typically predict totally cross sections of olete™ — hih;Z] smaller than
the SM predictions. The largest deviations of the SM-like Higgs cubic couplings A1 are
likely to be probed at the future TLEP 500 GeV and ILC 1 TeV runs. At the future
high-energy pp collider runs, the Higgs pair productions are very likely to be controlled by
the heavy resonance contributions. In the allowed mass range of the heavy Higgs bosons,
we find the total production cross sections to be o[pp — hihi] ~ O(10) — O(100) fb at
the LHC 14 TeV runs. They can be as large as ~ O(10%) fb at the future SppC 100 TeV
runs. Other search modes of di-bosons and Higgs plus Z that are currently probed at the
LHC 7@ 8 TeV experiments are also estimated at the future LHC 14 TeV and the SppC
100 TeV experiments. The discovery of all these channels will manifest the structure of
the Higgs sector. Therefore, it will be very helpful to further study the higher-order QCD
corrections as well as the collider search capabilities for such heavy resonance contributions
to the Higgs pairs.
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