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We investigate a scale-invariant general two-Higgs-doublet model with explicit CP violation. Using the
Gildener-Weinberg method, we analyze the Higgs mass spectrum and couplings at the one-loop level,
focusing on CP violation originating from both the Higgs potential and the Yukawa sector. We show that,
due to the flatness condition, both CP-even and CP-odd mixings between the 125 GeV Higgs boson and
the heavier Higgs states arise only radiatively. As a result, the Higgs couplings to gauge bosons and
fermions remain Standard Model-like, in agreement with current LHC constraints. We also find that the
magnitude of CP violation from the Higgs potential depends on the new complex Yukawa couplings and
heavy Higgs masses, due to the flatness condition. In the case where only an additional top Yukawa
coupling (p,,) is present, the electron electric dipole moment is directly proportional to Im p7. Furthermore,
a nontrivial cancellation region can occur for a specific Higgs mass spectrum. We extend our analysis to
scenarios with an additional complex electron Yukawa coupling, identifying the conditions under which the

electron electric dipole moment is suppressed or vanishes.
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I. INTRODUCTION

Since the discovery of the Higgs boson, its properties
have been gradually revealed, with current measurements
from the LHC exhibiting excellent agreement with the
predictions of the Standard Model (SM) [1,2]. Despite
these experimental successes, the fundamental origin of
electroweak symmetry breaking (EWSB) remains an open
question. In the SM, EWSB is induced by a negative
squared mass term in the tree-level Higgs potential.
However, current data do not preclude alternative scenarios,
such as radiative EWSB [3], in which classical scale
invariance is preserved at tree level and the electroweak
scale arises dynamically via quantum corrections [4].

Although such a mechanism is, in principle, viable
within the SM, standard perturbative analyses suggest that
the electroweak vacuum becomes unstable due to the large
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top-quark contribution, rendering the potential unbounded
from below."

The well-known shortcomings of the SM, including its
inability to explain dark matter and the baryon asymmetry
of the Universe, strongly motivate the existence of physics
beyond the SM, though its energy scale remains unknown.
Among the simplest extensions is the two-Higgs-doublet
model (2HDM), which introduces a second scalar doublet
[6]. The 2HDM offers a well-motivated framework for
electroweak baryogenesis (EWBGQG) [7] (see also Ref. [8]),
accommodating both a strongly first-order electroweak
phase transition and new sources of CP violation (CPV).

At present, the strength of CP violation is tightly
constrained by null results from searches for the electron
electric dipole moment (EDM), with the most stringent
bounds reported by the ACME [9] and JILA [10] experi-
ments. These constraints have significantly restricted the
viable parameter space for successful EWBG in 2HDMs
with a softly broken Z, symmetry. On the other hand, the
general 2HDM (g2HDM), in which no symmetry is
imposed on the model, still allows for viable CPV sources.
In particular, Ref. [11] demonstrated that a complex extra

'See Ref. [5] for a resummation-based study that claims
vacuum stability.
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top Yukawa coupling (p,) can generate the observed
baryon asymmetry (see also Ref. [12] for a recent study).
Moreover, a cancellation mechanism involving a complex
electron Yukawa coupling (p,.) can suppress the electron
EDM even in the presence of sizable CPV [13].

In this work, we explore the scale-invariant general two-
Higgs-doublet model (SI-g2HDM) [14-24], focusing on
CP violation arising from both the scalar and Yukawa
sectors. Radiative EWSB is analyzed using the Gildener-
Weinberg (GW) formalism [25], which enables a consistent
perturbative treatment of loop-induced effects on Higgs
couplings and their phenomenological implications, includ-
ing contributions to the electron EDM.

It is found that at tree level, the flatness conditions in the
GW approach ensure the absence of CP mixing in the
neutral Higgs mass matrix. At one-loop level, however, CP
violation in the Higgs sector becomes correlated with that
in the Yukawa sector through the GW flat direction. Since
both CP-even and -odd mixings between the 125 GeV
Higgs boson and the heavier neutral scalars arise only at the
loop level, the Higgs couplings to gauge bosons and
fermions remain consistent with current LHC measurements.

We also find that, when only the additional top Yukawa
coupling p,, is nonzero, the dominant CP-violating con-
tribution to the electron EDM is proportional solely to
Imp?. Our analysis reveals that the electron EDM can
vanish in the parameter region where the CP-even-like
Higgs boson is heavier than the CP-odd-like one, and the
charged Higgs mass is nearly degenerate with the CP-odd
Higgs mass (i.e., the custodially symmetric case). In
contrast, such a cancellation region does not arise in the
twisted custodially symmetric scenario, where the non-SM-
like CP-even Higgs boson is nearly degenerate with the
charged Higgs boson. If, in addition, a nonzero electron
Yukawa coupling is introduced via the parametrization
Pee = =104 (¥e/y,) [13], where r is a real parameter and
v:(y.) denotes the SM top (electron) Yukawa coupling, the
electron EDM remains proportional to Im p?Z. In this case, a
nontrivial cancellation region appears in both the custo-
dially and twisted custodially symmetric mass spectra
for r = O(1).

The remainder of this paper is organized as follows. In
Sec. II, we present the SI-g2HDM and study its scalar
sector at both tree and one-loop levels, with emphasis on
CP-violating effects. Numerical results are also discussed.
In Sec. III, we analyze the electron EDM, focusing on a
simplified scenario in which analytic expressions can be
obtained. Our conclusions are summarized in Sec. IV, and
additional technical details are provided in the Appendixes.

II. MODEL

We consider a SI-g2HDM, whose Lagrangian is
obtained by removing all mass terms from the g2ZHDM
(for an extensive review of the 2HDM, see Ref. [6]; see also
Refs. [26-30] for the g2HDM),

‘CSI-gZHDM = ‘CgZHDM |w/o mass terms* (1)

In the so-called generic basis, both Higgs doublets can
simultaneously acquire vacuum expectation values (VEVs).
However, since the two doublets are not distinguished by
definite quantum numbers, one may instead adopt the
Higgs basis [26] (also known as the Georgi basis [31]),
in which only one doublet develops a VEV while the other
does not. The two bases are physically equivalent, and the
choice can be made according to convenience. In what
follows, we work in the Higgs/Georgi basis, where the
direction of spontaneous symmetry breaking (SSB) is more
transparent than in the generic basis.

The tree-level scalar potential is purely quartic and takes
the form

A . .
Vo(H |, H,y) = jl(HiHl)z +_(H£H2)2
+ A3(HIH1)(H;H2) +A4(HJ{H2)(H;H1)

A .
+ 75(H1H2)2 +{As(H{H))

+ Aq(H3H)}(H Hy) + He. . 2)

where A;_, are real parameters, whereas As_; may in
general be complex. Although the individual phases are
unphysical, the following rephasing-invariant combinations
serve as physical CP-violating invariants [26-29]:

Im(A3AZ). Im(A3A3). Im(AgA3). 3)

The Higgs doublets are parametrized as

Hy(x) = G*(x)
A= %(v%—h’](x)%—iGo(x)) ’

(¥ v @
H,(x) = . , 4
: (I (x) + iA(x))
where v ~246 GeV, G° and Gt [G~ = (G")*] are the
Nambu-Goldstone (NG) bosons, and H* [H™ = (H')*]
are the charged Higgs bosons. The CP-even Higgs bosons
', and £, and the CP-odd Higgs boson A would mix if CP
is violated.
In the Yukawa sector, the Lagrangian is given by

—Lyukawa = éiL(Yginl +pgin2)de
+ qiL(YSinI +p8in2)ujR
+ ZL(Yginl + p6ijH2)ejr + He.,  (5)

where i, j are generation indices, and H, , = it, H}, with
7, denoting the second Pauli matrix. One can diagonalize
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Y{; by biunitary transformations, while pg remain the
nondiagonal 3-by-3 complex matrices,

VIiYive =Y

diag’ vaO vf (6)

where each element of Yg iag

is the mass-giving Yukawa
coupling, yy = fmf/v. The couplings p/ can be CP-
violating sources, and their off-diagonal elements induce
tree-level flavor-changing neutral current processes,
which are constrained by experimental data [30]. As
demonstrated in the ordinary massive g2HDM [13],
complex phases of p/ could play a role in EWBG
scenarios. The full expressions of the Yukawa inter-
actions in the mass eigenbasis are shown in Appendix A.
Here, we present the Yukawa interactions in the nearly
CP-conserving limit, where the CP mixing is absent in
the tree-level Higgs sector. This situation pertains to our
case, as demonstrated in the following section. The
diagonalizing matrix for the neutral Higgs bosons and
the mass eigenstates in the CP-conserving limit is
defined as

4 ¢, s, 0 H
W |=1|-s, ¢, O hl, (7)
A 0 0 1 A

where the 0 <y < z. We define the SM-like limit (also
known as the alignment limit) as y = n/2, ie., s, = 1.
With this definition, the Yukawa interactions of the

neutral Higgs bosons can be written as

f
- /01
_‘CYukawa > fiL |:\/—S7511 + \/j— :|f/Rh
S R Nt
iL \/— y ij \/— JR

; _ i
LV [_ i pijujr + diplidir + Ep ffefR}A
+ H.c.. (8)

This implies that CP violation is transmitted to the s
sector through the mixing angle y. In the SM-like
limit, &7 becomes a purely CP-even state, while the
Yukawa couplings of H are entirely governed by p/
and are independent of the mass-generating Yukawa
couplings y/. By contrast, the Yukawa couplings of
A are consistently determined by p/. These features
stand in sharp contrast to those of the softly broken
Z,-symmetric 2HDMs. In this work, we restrict our
attention to the diagonal elements of p/ and neglect the
off-diagonal ones. For notational simplicity, we denote
the diagonal elements as p, = p%;, pbb5p§3, and

Pee = p5,> etc. In the presence of p, and p,., which
are the relevant couplings in the current analysis, the
rephasing invariants, in addition to Eq. (3), are given
by [26,29]

Im (pttA5) Im(p,Ag). Im(p, A7),
(peeA*) Im(peeAz>7 Im(pee[\;)’
Im(p,pe.). Im(p,pi.As). )

Although the analysis can be carried out directly in
terms of these invariants, it can be simplified by
choosing a basis in which As is real. We adopt this
convention in the following discussion.

A. Higgs sector at the tree level

The first derivatives of V,, with respect to the neutral
Higgs fields (called tadpole conditions, actually the
flatness conditions at the tree level) are, respectively,
given by2

©_ /Vo\ L, 5_
n;<wﬁ>2AwQ (10)
(0) o dVO o 1 o

Th/z = <ah/2> = 5RCA6U3 = O, (11)
o /v, |

qu) = <ﬁ = —EImA6U3 = 0, (12)

where the bracket denotes that the fluctuation fields are
taken to be zero after the derivatives. The trivial
solution v = 0 defines the massless theory. For v # 0,
the solutions are A; = ReAg = Im Ag = 0. However, the
vacuum energy of V turns out to be zero for any v # 0,
namely, V, is flat in the 4} direction, meaning that the
EW symmetry is not spontaneously broken at the
tree level.

Generally, the mass matrix of the neutral Higgs bosons
takes the 4-by-4 form

h
1 n
5 (m w6 )M o |
A
M = Ms My 13
(V. T 2 . ( )
(Msp)" M3
ZTS)O) = (dV,/0G®) = 0 is guaranteed by the gauge invariance.
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Since the NG bosons are separated from the physical
spectrum in the vacuum, the mass matrix is reduced to
the 3-by-3 form

IA? 3ReAgv? —3Im Agr?
M]2V = %Re/\ﬁvz %A3451}2 0
—%Im[\6112 0 %(A:; +A4—A5)1}2
0 0 0
= 0 %A345U2 0 s (14)
0 0 L(As+Ay—As)?

where Asys = Ay + A4 + As, and we have used the tadpole
conditions Egs. (10)—(12) in the second equality. Therefore,
the CP mixing is absent at this order, and the Higgs boson
masses are, respectively, given by

1
mj, = 0, my = §A345”2,
1
m% == (Asz + Ay — As)v? (15)

2

The appearance of the massless particle is the consequence
of the classical scale symmetry. Moreover, because of the
classical symmetry, 4] does not mix with the additional
Higgs bosons and becomes SM-like, which is favored by
the current LHC data, and is also the consequence of this
symmetry.

The mass matrix of the charged scalars is also derived
from the second derivatives of V|,

G-
(G+ H+>M1<H_>, (16)
where
e A2 1 (ReAg — iIm Ag)v?
~ \ L (ReAg + i Tm Ag)2? 1 A302

(4 A‘)) (17)

The flatness conditions (10)—(12) are used in the second
equality. Thus, the charged Higgs boson mass at the tree
level is

1
mlzqi :§A3’U2. (18)
Note that m3 = m7,. +1(Ay — As)v?. As is well known, a
mass splitting between m, and m - signals custodial SU(2)

symmetry breaking, which is tightly constrained by the T
parameter. Therefore, the choice my+ ~m, is favored to
remain consistent with experimental data [32]. An alter-
native way to evade the T parameter constraint is the
so-called twisted custodially symmetry scenario, where
my+ ~ my [33]. We focus exclusively on those two cases
in this study.

Here, let us see the tree-level relationships between the
original parameters and Higgs masses. We have seven
quartic couplings in V,, A;_;. The flatness conditions
enforce that A; = ReAg = Im Ag = 0, while A3, A4, and
As can be expressed by

2m?2,.
Ay =—2, (19)
v
Lo, 2 2
A4:?(mH+mA—2mHi) (20)
Lo, 2
As _?(mH_mA)' (21)

In contrast, A,, ReA;, and Im A are unrelated to the Higgs
VEV and masses at the tree level.

B. Higgs sector at the one-loop level

Now, we analyze the Higgs sector at the one-loop level.
The tadpole conditions at this order are

o o 1 v,
1 v
Ty =T, +T)) = SReAg’ + <ah’21> =0, (23)

1 oV
T,=T" + 1) = —5Im A + <()—A‘> =0, (249

where V| denotes the one-loop effective potential. In this
work, we regularize it in the MS scheme. From the above
tadpole conditions, one gets

2 Jav, 2 Jov,
Al“ﬁ<aha>’ R"’A"“F<ah;>’

2 /oV

The one-loop mass matrix of the neutral Higgs is
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3 (1) *V 3 (1) >V 3 (1) a4
=Ty + <ah’]2]> v Ty + <0h’lallz’2> —3 T4+ <ahgak>
2 _ | 34 >V 1 2 ?v *v
My = ZTh; + <dh’lallz’2> 703s0” <ah’221> <ah;alA> ’ (26)

2 2
<%> %(Ag, + A4 - A5)l)2 + <%>
where we have used the one-loop tadpole conditions (22)—(24). The off-diagonal elements, including the CP mixings, are
nonzero at the one-loop level. Consequently, /) is neither massless nor a pure CP-even state.

Following the GW method, we first find the flat direction of V) and investigate the SSB in that direction. The tadpole
conditions while maintaining A; = ReAg = Im Ag = 0 at some scale (denoted as jigy) become

(1) 6‘/1 (1) 6[/1 (1) 0‘/1
T, = =0, T, = =0, T, =(——)=0. 27
" <ahg> e <ah; A 0A @7)

The first condition gives

4 2 1 v?
7 n.L{ln_’”_l_c.jL_} — {4A+23+4Bln_—}v3=0, (28)
h ,-:g;;t, “lon’v | kw0 2 fGw
WE Zb
where n; denotes degrees of freedom with a statistical sign: ny =ny =1, nge =2, nyy =6, ny =3, n, = n, = —4N ]é

with N}é = 3 being the number of color, while ¢; = 3/2 for scalars and fermions and 5/6 for gauge bosons. All masses m;
are defined at the tree level. The parameters A and B are, respectively, given by

1 mz 3 mi 3 mi. 3
_ 4 H _° 4 A_ Y 4 H> _~
A= PP [mH (ln pes 2> + my <ln " 2) +2m,. <1n 2 2)

v v
m? 3 m2 3
—4Né{m?<lnvz’—2> +mj <1nvz”—2> H (29)
1
B = g [my + my +2m},. + 6my, +3m3, — 4NL(md + mb)). (30)

The vacuum energy is found to be V,(v) = —Bv*/2. Thus, the EW symmetry is spontaneously broken if B > 0 and v is
generated by figw (dimensional transmutation),

V2 = e /2A/B (31)

As seen from Eq. (30), B would become negative if the additional Higgs bosons, H, A, and H* are absent. In other words,
SSB does not occur in the massless SM. Furthermore, the magnitude of In(v?//igy,) is not sizable as the A and B are the
same order in magnitude.

The one-loop tadpole conditions with respect to /) are identified as

2
1 v m 1 m
T;l,) =— |2 E N’éyfRepffm} ln_z—f —1) +-ReA;¢3m3 ( In2E -
T e B 2

2 m2
+ m? (mf?—/‘ - 1) +2oml, (m i 1) H , (32)
How HGw
where we take s, = 1. The error in this approximation is a two-loop order, which has been discarded. Similarly, the one-
loop tadpole condition with respect to A is
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2
1 v m
4 f How

1 2 m2 mz
+ - ImA7{mH<ln——1> +3mA (ln——l) +2méi( )H, (33)
2 ﬂGw ﬂGw P‘GW

where the upper sign is for up-type fermions and the lower sign is for down-type fermions.
Solving Tgy = 0 for ReA; and 7\ = 0 for Im A5, one obtains
2

f i
437 NeysReppmy <ln ﬁ B 1)

RCA’] = 2 5 > ’ (34)
2 my 2 (1M _ 2 M
SmH(lnﬁéw ) + my <lnﬁéw ) +2my,. (lnﬂéw 1)
f 2 m

ImA7 = 3 2 > . (35)

m2 <ln:§3’; - 1) + 3m3 (m% - 1> +2m?. <ln ﬂé,; - 1)

Therefore, A; is fixed by ps and additional Higgs bosons.
The (1,1) element of M3, is given by
5 Vv, )
(M) = —5 ) = 8Bv7, (36)
oh]

where Eq. (31) is used to eliminate figy. Since the off-diagonal elements of M3, are one-loop suppressed, the approximate
Higgs mass is given by mj ~8Bv” This implies that the requirement of m; ~ 125 GeV leads to a mass relation,
(m?, + mj + ijtli)l/4 ~ 540 GeV. For a degenerate mass case my = m, = my= = Mgy, One gets mgq =~ 382 GeV. The
sum rule for the mass spectrum does not significantly change even when the one-loop corrections are included.

The (1, 2) element of M3 is cast into the form

2 2 2
my mi,.
(M%), = T {E 4NcyfRepffmJ% 1nMGW —ReA; <3m§, In—% + m3 ln— +2m?, 1n%)] : (37)

/"Gw :“GW Hew

Note that (M%), becomes zero for Rep ¢ = 0 because of vanishing ReA; as given by Eq. (34). On the other hand, the CP-
mixing mass matrix elements are, respectively, given by

(M2) ! [ ANTy, T 0 A( 0 H 2 1 A g mi’*)} (38)
= ¥ yrImppem? In———Im A; | m}; In "%+ 3m3 In—2- + 2m? . In = ) |
N3 642 e Iy MGW f :“Gw A /‘GW /“‘%}W
2 2 2 2
(M3)ns [:I:4N ReppImpppm? ln—+ ReA7 ImA7{
v 16z o 1 Agw 2 AGw ﬂGw ﬂGW
2 m2 m>
e |m3 (m_—”— 1) — m? <ln_—A— 1)] H (39)
my — mj; { " AGw A fGw

Since both terms arise from the scalar-pseudoscalar mixings, they depend on the imaginary parts of the couplings, Imp/,
and Im A;. Moreover, these imaginary parts are related by the condition Eq. (35), thus making the CP mixing zero for
Imp ;s = 0 only. Additionally, we note that (M3 ),; = 0 for Rep;, = 0.

The one-loop corrections to (M3),, and (M3 );; are also included in our study, though their numerical impacts are
subleading. For their explicit formulas, see Appendix B.
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M

is diagonalized by an orthogonal matrix O as

where m;, < m;,, <m,.

, (40)

We evaluate O numerically. In this study, 4, refers to the SM-like Higgs boson with a mass of

125 GeV. We will quantify the proximity of m;, to the approximate Higgs mass m; = 2v/2Bv below.
The mass matrix of the charged scalars at the one-loop level is

PV,

1 2 _oVy
s AT+ <dG+aG*

)

L(ReAg + iIm Ag)v® + < Gl

where the tadpole conditions are used in the second
equality. The explicit formulas of the one-loop contribution
to my= are displayed in Appendix B.

We parametrize the Higgs couplings to the fermions as

where
B 1
Infr = 5 0rO + RepyrOi £Impps O3], (43)
. 1
Iir = /5 [Imp; Oy F Repy; 03], (44)

where the upper signs for f =u and lower signs for
f=d,e.

The Higgs couplings to the gauge bosons are the same as
in the ordinary 2HDM and are given by

13
Lyyy = ;Zgh,vvhi(mézuzﬂ + 2miy Wy W),
Py
Lhnz = 4 cw Zghhz hlaﬂhj "

3 <>
Ly piwes = —92—22 G- (hii 0 HY)W™ + He., (47)
i=1

<>

where ¢, denotes the SU(2), gauge coupling, 0
5# - 5”, and

u

0H"0G~

0

)

>V,
G ToH~

T (ReAg —iIm Ag)v? + <

)

0%V,
%A3”2 + <0H+0H’>

0
1-loop 2], (41)

Hi

|

9nvv = O1js (48)
Gnin;z = 021'03,; - 02‘,'031' = €ijk9hkvv, (49)
InHYW- = 0,; — i03;, (50)

where €'/* denotes the Levi-Civita symbol, and det(0) = 1
is assumed. It follows that 37| g; ,, = 1, and, for each i,
Q%ivv + | gh,»H*W*lz = 1. In the CP-conserving limit, these
relations yield g,yy = s,, guyy = ¢, and guyy = 0.

Here, let us summarize our input parameters. We have
five real and two complex parameters in the scalar potential
and extra complex Yukawa couplings,

Al’ Az, A3, A4, As, RCA6, Im A(,,
ReA7, ImA7, Repff, Impﬁ (51)
From the flatness condition, A; = ReAg = Im Ag = 0. Aj,

A4, and As are replaced by my, my, and mpy= using
Egs. (19)—(21), where the heavy Higgs masses must
satisfy  (m} + m% + Zm;‘ii)l/ 4~ 540 GeV. Moreover,
as noted in Sec. II A, we consider the custodially
symmetric (m, = my+) and twisted custodially symmetric
(my = my+) cases in order to avoid significant corrections
to the T parameter [34], thereby effectively reducing the
number of independent heavy Higgs mass scales to one.?
As we will discuss in detail in Sec. III, the region in
which the electron EDM cancels depends on whether the

*Since my and my are mixed by the CP violation, those
symmetries are approximate.
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FIG. 1. Left: contours of m, in the (my,m,) plane, where the orange solid line represents n1, = 125 GeV. For reference, m,, =
2+/2Bu is also shown by the black dashed curve. We take m+ = m4, A, = 1.0, and |p,,| = 0.1 and ¢, = 75°. Right: The Higgs masses

against ¢, with fixed my = my+ = 382 GeV,

Higgs spectrum is custodially symmetric or twisted cus-
todially symmetric. Although one could in principle take
(my,, my,, mZIfOP) as inputs, using (my, my, my- ) is tech-
nically simpler and makes the specification of the (twisted)
custodial-symmetric Higgs spectrum more transparent.

ReA; and Im A5 are replaced by Egs. (34) and (35). A,
and p, are given as inputs. For late use, we parametrize
pri = lpsrler. Until we discuss the electron EDM in
Sec. III, we assume that p,; # 0 and p;; = 0 for all i # ¢. In
the remainder of this Section, we mainly focus on the
impacts of p,, on the Higgs mass spectrum and the Higgs
couplings to gauge bosons and the top quark, and the
combined analysis with the current electron EDM con-
straints will be presented in Sec. IIL

In our numerical analysis, we impose the relevant theo-
retical constraints, including vacuum stability [35-42] and
perturbative unitarity [43—47].

In the left panel of Fig. 1, the contours of m,, are shown
as a function of my and my (= my+). As an illustrative
example, we take A, = 1.0, |p,| = 0.1, and ¢, = 75°.
The orange solid line corresponds to m;, = 125 GeV. For
comparison, the contour of m;, = 2@1} =125 GeV,
which corresponds to the square root of (M3),;, is also
shown as a black dashed line. Except for the region in which
either my or m, lies below approximately 140 GeV, the two
contours of m;, and m, nearly coincide. In this region, we find
that |(m,,, — my,)/my, | < 1.3 x 1072, We do not consider the
portion of the m;, = 125 GeV contour that significantly
deviates from the m;, contour, because the coupling g, vy
is no longer SM-like there, and that part of the parameter space
is partly excluded by perturbative unitarity.

pu| = 0.1, and Ay = 1.0. my is numerically tuned to realize m;, = 125.0 GeV.

In the right panel, mp, (solid, orange), mp, (dashed, dark
blue), and m;, (dotted, purple) are shown for
my = my= =382 GeV, A, =1.0, and |p,| = 0.1, with
my numerically adjusted to yield m; = 125.0 GeV.
The resulting heavier Higgs boson masses are
my, € [380.5,381.0] GeV and m,, € [381.2,381.5] GeV,
respectively. This demonstrates that the tree-level Higgs
masses provide a good approximation to the one-loop
corrected values. The small mass splitting between
my,(=my) and my: remains, ensuring that the correction
to the 7 parameter is kept small. Nevertheless, the
correction to the S parameter is not always small to avoid
the experimental constraint. Experimental consideration
including the electron EDM will be given in Sec. III.

In Fig. 2, the Higgs masses and their couplings to the
gauge bosons are shown as functions of ¢,,. The left panel
displays gy, vy| (solid, orange), |g,,vv| (dashed, dark blue),
and |gy,yy| (dotted, purple), while the right panel shows
|gn, m+w-| (solid, orange), |gp,u+w-| (dashed, dark blue),
and |g,, y+w-| (dotted, purple). We observe that |gj yy| = 1
as a consequence of the one-loop suppressed off-diagonal
elements (M%), and (M3),5, which is fully consistent
with current LHC data. In contrast, |g,,yy| and |g,,yy|
remain at most at the O(1072) level, in accordance with
the sum rule -7, gy = 1. The vanishing of |gs,yy| =
|01, at ¢, =£90° is explained by the zero of
(M%), x cos¢p,. From the right panel, we find
\gn, w-| = 0(1072), while \Gnmew-| = 1 and
|gn,m+w-| = 1. This behavior follows from the sum rule
giivv + |gnz+w-|* = 1 foreach i. It is worth noting that the

numerical values of the Inhyz couplings can be obtained
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from the relation g, z = €/*g, yy, as shown in Eq. (49).
We find |gj,n,z] = 1, |gnnzl S 1072, and |gy,p,z| < 1072,
respectively.

In Fig. 3, the Higgs couplings to the top quark are shown
as functions of ¢,,. In the left panel, | gi],-t| (solid, orange),
|gizft‘ (dashed, dark blue), |gi3,-t| (dotted, purple), and «,
(dot-dashed, black) are displayed, where |x,| = v| g‘;lﬁ| /m,.
We find that |g5 ;| ~ 0.7, while [g5 ;| < 0.1and |gf | <0.1.
In the right panel, | 95,- 4| and &, are shown, where
I%,| = vlgp, |/ m;, with the line and color assignments cor-
responding to those in the scalar case. In contrast to | g5 S

, we
find |g£1ff| < 1073, while |g§2ﬁ| ~ |gi3t-t| and |g£3ﬁ| ~ |gizt-t|.
The CMS collaboration has placed limits on «, and &,.

The one-dimensional 95% confidence intervals are given
by [48]
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|9hivv| (left) and | Gh, 1+ w-| (right) as functions of ¢,,. The input parameter is the same as in the right panel of Fig. 1.

0.86 <k, < 1.26, -1.07 <k, <1.07. (52)
As shown in Fig. 3, our results are fully consistent with
these bounds. A parameter characterizing the CP nature of
the t7h interaction, defined as a signal strength multiplier

for the SM ¢th cross section, is

v
7t = 3

= (53)
|Kt|2 + ‘KI|2

From Fig. 3, we obtain |2 < 1.4 x 107, which is far
below the current bound |f2] < 0.55 at 68% CL [48].

III. ELECTRIC DIPOLE MOMENTS

Here, we present the impacts of CP violation on electron
EDM in this model. The electric dipole moment of a

100<
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| gii,-t| (left) and | gﬁf ;| (right) as functions of ¢,,. The input parameter is the same as in the right panel of Fig. 1.
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FIG. 4. Barr-Zee diagrams contributing to the electron EDM, which are, respectively, denoted as dé’y, dﬂ}z, and dffV.

fermion d is defined as the coefficient of the following
operator

i _
Lgpm = — B dfF””f%u%fa (54)

where F*¥ denotes the electromagnetic field strength tensor.
Currently, d, is constrained by the ACME and JILA
experiments as [9,10]

|dAME| < 1.1 x107% ecm  (90%CL),  (55)

|dMA| < 4.1 x 1073 ecm (90% CL). (56)

In this work, we express the electron EDM as
d, = di* +dg*°, (57)

where the first term arises from the Barr-Zee diagrams
[49-63], while the second originates from the kite diagrams
[62,64,65] at the two-loop level. We first analyze the
Barr-Zee contributions to determine which model para-
meters control them, and subsequently consider the kite
contributions.

Depending on the particles running in the loop, we
decompose the Barr-Zee contributions into three parts

A = di + di” + div. (58)

The Feynman diagram for each contribution is shown in
Fig. 4. The shaded regions together represent the loops of
the fermions, W bosons, and charged Higgs bosons.
Dominant contributions to d, usually come from dr
among others, so we first focus on it. For clarification,

d is further decomposed into
Al = (dl), + (e )y + (dE ) e (59)
where the subscripts denote the particles running the upper

loop in the Barr-Zee diagrams, and each contribution is,
respectively, given by [49,50,58]

(d) _ 5~
=D 5 l0ha Tl (Tn) + 91, ee0ha0(Tun)
i t

= Jem _yhr, (60)

(dZJ/) w 23: \/EGFaem v P

o IneeInvvT w(my,)
V2Gramy
32723

h 3
(de )= Qg ¥
- § :T
e ' 32n7my,.

Xy, (61)

jh,-H*H‘ ing-gf (THihi)

AemV h
=St X", 62
3271311151i i (62)

where @, = €?/4r with e = |e|, Gr = 1/V20%, f(zy,),
g<7th[)’ J@(’nh;)’ andI(THih,-) = f(THih,») - g(THih,-) with
T4 = m3 /m% are loop functions defined in Appendix C. It
should be noted that the charged Higgs mass used in the
EDM calculation is taken at the one-loop level.

As studied in Ref. [13], Im p,, could play a pivotal role in
generating Baryon Asymmetry of the Universe (BAU)
in the g2HDM, while Imp,, can invoke a cancellation
mechanism for the electron EDM in the presence of the
nonzero p,, [13]. We thus concentrate exclusively on those
couplings and take other extra Yukawa couplings pf to
vanishingly small values in this work.* In the following
discussion, we consider two cases:

(i) pi #0 and p,, = 0.

(1) p; #0 and p,, # 0.

4p ¢ with f#1, e can in principle be generated through
renormalization group running, since no symmetry or protection
mechanism forbids them. If we impose pfr.,, = 0 as a boundary
condition at the input scale, the radiatively induced values are one-
loop suppressed and proportional to the corresponding SM Yukawa
couplings. Such contributions are far too small to compete with the
dominant effects arising from p,; and p,,, and therefore they do not
affect our conclusions in any meaningful way.
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Before proceeding to the details, we summarize the CP-
violating phases considered in this study. Recalling
the flatness conditions, Ag =0, ReA; «xRep,, and
ImA; «x Imp,, the rephasing invariants in Eq. (9) can
be expressed as

Im(pypee),  Im(pypi.). (63)

Impt2t7 Imp%ev
Thus, the electron EDM in this study is a function of
these imaginary parts. In Case (i), d, «Imp?. The
vanishing of the EDM in the presence of an O(1) CP-
violating phase should depend sensitively on the Higgs
mass spectrum. In light of the heavy Higgs mass
relation (mf; + mj + 2mj,.)'/* ~ 540 GeV, the solution
space for d, = 0 is highly nontrivial. In Case (ii), p,,
can contribute to realizing d, =0, as in the ordinary
g2HDM. However, the cancellation region is also
constrained by the heavy Higgs mass relation. Note
that in the analysis of Ref. [13], the kite contributions
were not taken into account. Clarifying their numerical
impact is therefore also one of the objectives of the
present work.

A. Case (i) p; # 0 and p,. =0
In this case, the contribution arises solely from (dﬁy),. To
elucidate the dependence of the model parameters on the
condition (d7), = 0, we consider a simplified example.
Let us parametrize M3, and O as

m%l aRep,, blmp,,
My = | aRep,, miy cRep, Imp,, |,
blmp, cRep,Imp, m%x
1 0 O ¢ 0 s, cp 510
0=10 c¢3 s3 010 —s; ¢; 0], (64)
0 —s3 ¢3 —s5 0 ¢, 0 01

where s; = sinq; and ¢; = cosa; (i = 1, 2, 3). Note that
a; = y defined in Eq. (7). Under the condition that |a/, |b|,
and |c| are smaller than the diagonal elements and
my, # my # my, one would have 6] < 1 and |y 3| < 1,
where § = 7/2 — «, and thus the rotation matrix O can be
approximated as

aRep, 1 b Imp,,
(= -1 aRep,,  ¢Rep, Imp,,
¢Rep, Imp, —bImp, 1
+ O((a, b, &)?), (65)

where @ =a/(m}—m}), b=>b/(m}—m?),

(mk —m%), and O((a,b,¢)*) denotes terms that are

second order in a, lAa, and ¢, including both diagonal

c=c/

(e.g., &%) and mixed terms (e.g., &l;). The factor Xf’y in
the case of p,, = 0 is calculated as

Ye
Xy = > ZOU[ImPnOzi —Rep,,03,]9(74,)

ye . A~ 7 AT A
=y |ps|? sin 26, [—aAgis + bAgys] + O((a, b, &)%),
(66)

where  Ag;; = g(z;,) — g(zi,). Therefore, the electron

EDM is proportional solely to sin2¢,,, as required. This
stands in contrast to the case discussed in Ref. [13], where
(dé"’), « sin ¢,, in the nearly CP-conserving limit, in which
CP violation is absent in the Higgs potential. It should be
emphasized that XM can vanish if the two terms in the
parentheses cancel each other, corresponding to a specific
Higgs mass spectrum. Moreover, the electron EDM also
vanishes in the case of complete mass degeneracy,
my, = m,, = m, , although such a situation cannot be
realized in the present model. For related discussions of
vanishing electron EDM scenarios, see, e.g., Ref. [66].
While the analytic expression is useful for illustrating the
parameter dependence of d,, its numerical accuracy is
limited. We therefore evaluate the electron EDM without
employing such simplifications. In Fig. 5, the contours
of |d,| are shown, where |d,| = 4.1 x 107° ecm (solid,
orange), |d,| =5.0x 1073 ecm (dashed, dark blue),
and |d,| = 1.0 x 107! ecm (dotted, purple). The shaded
region in gray is excluded by the measurement of AM ,

- do =4.1x107%¢ cm
== d.=50x10"%ecm

d.=1.0x 107" e cm

Excluded by AMp,

150 v’

1007

501

ou [°]

102 10! 10°

FIG. 5. Contours of |d,| are shown, where |d,|=
41x 107 ecm  (solid, orange), |d,|=5.0x 1073 ecm
(dashed, dark blue), and |d,| = 1.0 x 107! ecm (dotted, pur-
ple). The shaded region in gray is excluded by the measurement
of AMy . We take my = my+ = 382 GeV, A, = 1.0, and my is
chosen to have m;, = 125.0 GeV.

015019-11



DANG BAO NHI NGUYEN and EIBUN SENAHA

PHYS. REV. D 113, 015019 (2026)
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FIG. 6. Electron EDM |d,| in the (mpy,my) plane for ¢, = 75° (left) and 45° (right). The orange-shaded region indicates
|d,| <4.1 x1073° ecm. The dark-blue dashed and purple dotted curves show the contours |d,| =5.0x 1073! ecm and
|d,| = 1.0 x 1073! e cm, respectively. The solid black curve denotes my,, = 125 GeV; cross marks along this curve indicate points

excluded by the electroweak S-T fit at 95% CL. We fix A, = 1.0.

where our theoretical calculation is based on Refs. [67,68].
We take my = my: =382 GeV, A, = 1.0, and my is
numerically adjusted to realize m;, = 125.0 GeV. As
discussed above, the electron EDM vanishes not only
for ¢,, = 0° and £180° but also for +90°. Regardless of
¢, however, |p,| = 0.3 is ruled out by the experimental
data of AM . Other than the region where sin 2¢),, = 0, the
current electron EDM experiment excludes |p,| = 0.1. If
future experiments achieve a sensitivity to the electron
EDM at the level of d, =5.0 x 107! ecm, values of
|p:] =20.03 will become testable. The prospects can be
further extended toward |p,|=~0.01 if the sensitivity
reaches d, = 1.0 x 1073! ecm.

In Fig. 6, the dependence of my and my4 on |d,| is shown
for ¢, = 75° (left) and ¢, = 45° (right). The shaded
orange region corresponds to the JILA bound
|d,| <4.1x107% ecm, while the contours of |d,|=
50x 1073 ecm and |d,| =1.0x 107! ecm are indi-
cated by the dashed dark blue and dotted purple curves,
respectively. The solid black line denotes the m;, =
125.0 GeV contour, and the red crosses along this line
indicate points excluded by the S and 7 parameter con-
straints from the electroweak fit at 95% CL [32]. In this
analysis, we employ the S, 7, and U formulas given
in Ref. [29].

It should be noted that constraints from B-physics
processes, such as B — Xy, are not sufficient to exclude
the parameter region with |p,| = 0.1.

Among the LHC constraints, the signal strength of 4; —
y7 (4,,) and direct searches for the charged Higgs boson are

potentially relevant in the presence of p,. Due to the
charged Higgs loop contribution, 4,, can be as small as 0.9,
which lies within the 26 range of the ATLAS measurement,
PATEAS = 1,041039 [69], but outside the 20 range of the
CMS result, xSMS = 1125077 [70]. Additional data will
therefore be required to reach a definitive conclusion. If the
charged Higgs mass is below about 160 GeV, u,, can fall
outside the two-sigma ATLAS range; however, this region
is already excluded by the electroweak precision fit.

ATLAS places a 95% CL upper bound on o(pp —
thH)Br(H* — th) < (3.6 —0.036) pb  for  my- €
[200,2000] GeV [71]. Similarly, CMS reports a 95% CL
upper bound on o(pp — thH*)Br(H* — tb) < (9.25 —
0.005) pb for my: €[200,3000] GeV [72]. The parameter
space with |p,,| = 0.1 is consistent with these bounds.

Other LHC constraints depend sensitively on additional
Yukawa couplings, such as p;;, p.., etc., which are set to
zero in the present analysis; hence no strong bounds arise
from them.

We find that the Higgs mass dependence on the electron
EDM is nontrivial. This may be attributed to the compli-
cated Higgs mass function of the off-diagonal elements of
M3, with the mass relation (m}, + m} +2m}.)"/* ~
540 GeV. For ¢,, = 75°, points away from the my ~m, =
382 GeV remain consistent with the current electron EDM
bound. For ¢,, = 45° on the other hand, even though the
nearly degenerated mass point my ~m, = 382 GeV is
ruled out by the current electron EDM data, the allowed
region could be found when my increases and, correspond-
ingly, m, decreases. We also find that future electron EDM

015019-12



EXPLORING CP VIOLATION AND VANISHING ELECTRIC ...

PHYS. REV. D 113, 015019 (2026)

experiments can further probe the Higgs mass spectrum,
squeezing the allowed region to my 2 500 GeV and m, <
250 GeV for sin2¢,, # 0.

B. Case (ii) p, # 0 and p,, # 0

In this case, all the contributions come in. After
straightforward calculation, the factor X ﬁ”’ in the presence
of the nonzero p,, is found to be

1 N
X?y = ERePtt Imp,.[—y,alfi + f(Tthl) + g('ﬁh;ﬂ

1 ~
+ ERepee Im p [=y.bAfos + f(Ti,) + g(Tim,)]

¢

2
x Rep, Imp, (=Af 3 + Agi3)

+ 5 [Rep,Rep,, + Imp, Imp,,]

Ye N 7
+ ERCPn Im p,[-alAg, + bAgy;]. (67)

where Af;; = f(zy,) = f (Tt,,j). Now, X" contains terms
proportional to Rep,, Imp,, and Rep,, Im p,,, in addition to
Rep,, Im p,,, that is, Tm p7,, Im(pp.. ), and Im(p,,p}, ). If p,,
is proportional to either p, or pj, the electron EDM
becomes simply proportional to ImpZ(= |p,|* sin2¢,,).
We adopt the parametrization of p,, used in Ref. [13],
which takes the form

Ye
Pee = —T—Pu> (68)

t

where r is a real parameter, which measures how close
the flavor structure between the two p;, matrices is to
the SM Yukawa structure, namely, |p,./p.| = r|y./y:|- In
this parametrization, all terms proportional to Im(p,p.,.)
vanish.

: ) h h .
As is the X7 case, X)) and X o+ are estimated as

1 R
X0~ ——[aRep, Imp, ATy 15 + BRep, Imp AT ).,

V=T

(69)
1 .
X, 75 [mPee{ReATL (24, ) = aA;Repy AT 1y
+ ¢Im AsRep, Imp,,AZ 5}
— Repoo{Im A7Z(zp=p,) + bAyIm p, AT
+ ¢ReAsRep, Imp, AT 5}], (70)
where ATy, = Ty(my,) = Ty(my) and AL =

I(ryen,) —L(tysy,).  With  the
Eq. (68), together with the expressions for A; given in
Egs. (34) and (35), X}/ and X7,
to |ptl‘|2 sin 2¢;.

parametrization  of

are also proportional

FIG. 7. Representative kite-type two-loop diagrams contribut-
ing to the electron EDM, dX*®, with the gauge boson V = Z, W+,

We may infer the relative magnitude and sign between
(d2), and (d2),, from the analysis of h; — yy, since the
Barr-Zee diagrams shown in Fig. 4 reduce to the Feynman
diagrams for h; — yy once the electron line is removed. In
the latter process, the W-loop contribution is dominant,
followed by the top-loop contribution, and the two interfere
destructively. An identical or closely similar pattern is
likewise observed in the electron EDM. In addition,

(d¥) = can also be relevant, as A; may be of O(1) in
magnitude, as follows from the tree-level relation
Ay = 2m1211i /v

For d? and d!V defined in Eq. (58), their CP-violating
dependences are analogous to that of dr, precisely as
required by the rephasing invariance structure.

Now we turn to the kite contributions. The representative
contributions are displayed in Fig. 7. As shown in Ref. [65],
the kite contribution can be numerically comparable to the
Barr-Zee diagrams. To ensure consistency with the W-loop
Barr-Zee diagrams in Eq. (58), which are based on
Ref. [58], the kite contributions that should be included
are [65]

dl;ite _ \/zaemGF m,
e 64

[5NC _~_5CC]’ (71)

kite kite

. . . NC CC .
where the explicit expressions for 6,5, and d;; are provided

in Appendix C. As shown in Egs. (C25) and (C26), these
contributions are proportional to gfj cenvv» as is (dé’y)w,

implying that d¥® « |p,,|? sin 2¢,,. Thus, the electron EDM
can be written as

d, = d]éb’z + dle(ite = |ptt‘2 sin2¢b,, (x + ry), (72)

where x and y are functions of the heavy Higgs boson
masses.

The vanishing of the electron EDM with an O(1) CP-
violating phase is realized if r = —x/y. Following
Ref. [13], we refer to this as structured cancellation when
r = O(1), since the hierarchy among the p;; elements
echoes the SM Yukawa structure, |p../pu|l=v./v:
otherwise, it is referred to as unstructured cancellation.
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FIG. 8. Contours represent |d,| = 4.1 x 1073% ecm for r = 0.0

(solid, orange), r = 0.5 (dashed, dark blue), and r = 1.0 (dotted,

purple), with Rep,, = —ry.Rep;,/y, and Imp,, = ry, Imp;/y;.
The gray shaded region is excluded by the measurement of

AMp . The same input parameters as in Fig. 5 are used.

The electron EDM cancellation in the context of p,, EWBG
[13] corresponds to structured cancellation, whereas that in
the context of p;,;,, EWBG [73] corresponds to unstructured
cancellation. In the following, we numerically evaluate d,
to identify which type of cancellation is realized.

In Fig. 8, the contours of |d,| = 4.1 x 107° ecm are
shown in the (|p,|, ¢,;) plane for r = 0.0 (solid, orange),

lpu| = 0.1, ¢y = 45°
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r = 0.5 (dashed, dark blue), and r = 1.0 (dotted, purple).
We set my = my+ = 382 GeV and A, = 1.0, while my is
adjusted such that m;, = 125.0 GeV. The gray shaded
region is excluded by the AM measurement, as indicated
in Fig. 5. The electron EDM vanishes at |¢,| = 90°, in
addition to |¢,,| = 0° and 180°, as expected. Moreover, for
r # 0, partial cancellation occurs in d,, arising mainly from
the destructive interference between d’g” and other contri-
butions that grow with r.

In the left panel of Fig. 9, we show the decomposition of
\d,| (solid, orange) into |d"'| (dashed, dark blue), |d"?|
(dash—dot, purple), |a%"| (dotted, red), and |dX| (dash—
dot—dot, green) as functions of r for |p,|=0.1 and
¢, = 45°. The other input parameters are the same as
those used in Fig. 5. The shaded region represents the
exclusion limit from the JILA experiment. As seen in the
figure, both |dV| and |d¥®| increase with r and can
become comparable to |d27|, eventually leading to the
cancellation around r ~ 0.67.

To examine this cancellation behavior in more detail, the
right panel of Fig. 9 shows d, and its individual compo-
nents without taking the absolute value. The vertical axis is
plotted on a symmetric logarithmic scale for 107! < |d,| <
1028 and on a linear scale for |d,| < 10731, It can be seen
that d. changes sign from negative to positive at r ~ 0.44.
A closer inspection shows that (d27),, (d)y,, and (d2) -
are all negative for r < 0. For r > 0, however, the latter two
contributions become positive and cancel the former
negative contribution around r ~(0.44 and then dominate
beyond this point. Similarly, df'V(~(d!")y:,,) and

[pi| = 0.1, ¢y = 45°

10728
L = -
10-291 oo G aoono 4 JILA
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FIG. 9. In the left panel, the decomposition of |d,| (solid, orange) into |d.’| (dashed, dark blue), |d"Z| (dash—dot, purple), |4 |
(dotted, red), and |dk| (dash—dot—dot, green) is shown as functions of r for |p,,| = 0.1 and ¢,, = 45°. The other input parameters are the
same as in Fig. 5. The shaded region is excluded by the JILA experiment. In the right panel, the decomposition of d, without taking the
absolute value is shown to illustrate the sign of each contribution. The vertical axis is plotted on a symmetric logarithmic scale for

1073 <|d,| <1078 and on a linear scale for |d,| < 10731,
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FIG. 10. Electron EDM |d,| on the (m ", r) plane for |p,,| = 0.1 with ¢,, = 75° (left) and 45° (right), where  is a real parameter

H=

defined via p,, = —rpj;(y./y;). Upper row: custodial spectrum defined at tree level, m, = my=; lower row: twisted custodial spectrum
defined at tree level, my = my-. The common x axis uses the one-loop—corrected charged-Higgs mass mloop [Eq. (41)]. The orange

Hi

shading indicates |d,| < 4.1 x 10730 ¢ cm; dark-blue dashed and purple dotted contours mark |d,| = 5.0 x 1073 and 1.0 x 1073! ecm,
respectively. Hatched regions are excluded by the electroweak S—T fit at 95% CL. Secondary x-axis ticks annotate m 4, my (upper) and

my,, my, (lower).

di©(~(dSC),;.) become negative, and their magnitudes
increase with positive r. These negative contributions

cancel the positive dY term at r~0.67, resulting in
d, ~0. This figure also indicates that such a cancellation
occurs only for positive r in the parametrization of Eq. (68).

We now present the dependence of the Higgs mass
spectrum on the electron EDM by considering both the
custodially symmetric (m, = mg+) and twisted custodially

symmetric (my = my=) cases. Figure 10 shows the |d,|
1-loop

contours on the (m,.

,r) plane for |p,| =0.1 with

¢, = 75° (left) and 45° (right). The horizontal axis uses

the one-loop—corrected charged-Higgs mass m;]f"p as
given in Eq. (41), while the scan itself is performed by

varying the tree-level heavy-Higgs masses (mpy, my, my-)
Zlf(’p is thus a
derived quantity used only as a physically meaningful
plotting variable, not an independent input. Its accessible
range is restricted by the requirement m;, = 125 GeV. On
the secondary top x axis we display (my, my) for the upper
row and (my,,my,) for the lower row. In the custodially

subject to the above custodial relations; m
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1-loop

Hi

382 GeV and m'°® ~ f
eVand m,. " ~my, ~my for m

1
b <
PP > 382 GeV;
in the twisted custodially symmetric case, mZIfOP

1-1 1-1
e b <382 GeV and m, " ~my ~my for

m:f()p > 382 GeV. The colors and line styles of the |d,|
contours match those in Fig. 6, and the hatched regions are
excluded by the electroweak S-T fit at 95% CL. In the
custodially symmetric case, the electron EDM vanishes in
the low-m - region for r ~ 0 (as already seen in Fig. 6); for
r > 0, this cancellation region shifts to larger values of

my-. For mzlf(’p ~ 400 GeV, we find |d,| = 0 at r ~0.9.
In contrast, in the twisted custodially symmetric case,
no cancellation is observed at r <0, whereas solutions
with |d,| =0 appear for » > 0. In all cases, such can-
cellations are possible only when r = O(1), namely,
structured cancellation, analogous to the situation dis-
cussed in Ref. [13].
Before closing, some comments are in order.
(i) Other EDMs, such as those of the neutron and
mercury, are also subject to experimental upper
bounds [74,75],

symmetric case, we have m &~ my, ~ my for m

ﬁmth

my for m

d,| <1.8%x10726 ecm (90%CL), (73)

|dyg| <74 %1070 ecm  (95%CL).  (74)

Furthermore, by combining the upper limit on the
mercury EDM with nuclear calculations, Ref. [76]
inferred an indirect bound on the proton EDM,
|d,| <2.1 x107 ecm. We find that these EDMs
remain below the current experimental sensitivities
in the parameter space under consideration, and thus
impose no additional constraints.

(i1) It is known that the SI-2HDM has a relatively low
cutoff scale at which a Landau pole emerges. This
scale is typically identified as the energy scale at
which one of the Higgs quartic couplings diverges.
For example, in the softly Z,-broken SI-2HDM [21],
the Landau pole scale is found to be 6.3 TeV. In the
g2HDM, however, the Higgs quartic couplings
depend on the choice of basis, such as the Higgs/
Georgi basis or the generic basis. For instance, A; is
given by > .c;4; where 4; are the Higgs quartic
couplings and c; are model-dependent coefficients in
the generic basis. Therefore, the scale at which
|A;| = oo generally differs from the scale at which
|4;] = oo for some 4;. We are not aware of a basis-
independent study of the Landau pole scale in the
literature. In the Higgs/Georgi basis adopted
throughout our analysis, it is found that the Landau
pole scale in the explored parameter space lies in the
range 3—10 TeV using one-loop f functions [77].

IV. CONCLUSION

We have analyzed the Higgs mass spectrum and couplings
in the SI-g2HDM with explicit CP violation, using the GW
method. At tree level, the scalar potential exhibits a flat
direction, resulting in a massless scalar and the absence of
CP-even and CP-odd mixings in the neutral Higgs mass
matrix. Atthe one-loop level, radiative electroweak symmetry
breaking generates both a nonzero mass and CP-violating
mixings for the massless scalar, yielding m;, = 125 GeV.

The GW flatness conditions fix the complex Higgs quartic
coupling A in terms of the extra Yukawa couplings p;, and
the heavy Higgs masses. Assuming only the extra top
Yukawa coupling p,, is significant, we numerically evaluated
the Higgs couplings to gauge bosons and fermions. For a
typical parameter set, the lightest neutral Higgs boson
exhibits SM-like couplings to gauge bosons, g, vy |~ 1,
while the heavier states satisfy | gy, vy |, | 9h3VV| <0O(1072).In
contrast, the charged Higgs couplings, |g;, g+w-| = O(1072)
and | Ihy s a+w-| = 1, indicate stronger interactions between
the charged Higgs bosons, the heavier neutral Higgs
bosons, and the W boson. The top Yukawa couplings
satisfy |gp |~ 0.7, |gj ;] <107, and |k|~ 1, with
|%,| = O(1073), consistent with current LHC constraints.

We also investigated CP-violating contributions to the
electron EDM arising from p,, and an additional complex
electron Yukawa coupling p,.. In the absence of p,,, the
EDM is proportional solely to Im p?Z, a direct consequence
of the GW flatness conditions [Egs. (34) and (35)], which
distinguish the SI-g2HDM from the ordinary g2HDM.
These conditions also imply a nontrivial dependence of
the neutral Higgs mass spectrum on the EDM. In the
custodially symmetric case, parameter regions consistent
with m;, = 125 GeV and suppressed EDMs arise when
my(=my,) < my(~m, ); for example, vanishing EDM
points appear for my > 500 GeV and 200 GeV < my <
250 GeV (see Figs. 6 and 10). By contrast, no such
cancellation region exists in the twisted custodially sym-
metric case. When a nonzero electron Yukawa coup-
ling is further introduced through the parametrization
Pee = =104 (¥e/y:), which preserves the proportionality
of the EDM to Imp?, a nontrivial cancellation region
emerges in both custodially and twisted custodially sym-
metric mass spectra for r = O(1) (see Fig. 10).

Since CP violation induced by p,, has been proposed as a
viable source of the baryon asymmetry [11], the possibility
of realizing successful EWBG within the SI-g2HDM is
both important and of broad interest. A detailed study of
this aspect is left for future work. The fact that the electron
EDM can be suppressed in this model—similarly to the
ordinary g2HDM [13]—further strengthens the plausibility
of the scenario. At the same time, the predictive mass
relations enforced by scale invariance restrict the parameter
space more strongly than in the ordinary g2HDM, thereby
making future experimental tests particularly decisive.
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To investigate the cancellation regions in greater detail,
complementary constraints from other EDM measurements
and collider searches will be essential. A systematic study
including additional Yukawa couplings, such as p;, and
Pz also represents an important direction for future work.
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APPENDIX A: HIGGS COUPLINGS TO
FERMIONS

After performing the biunitary transformations of the
fermion fields given in Eq. (6), the Yukawa interactions in
Eq. (5) take the following form in the mass eigenstate
basis.

= y? 1 u ; 1 uf /
= U; [—01a5i/' +—=p(02q —103,)Pg + _P,;,'T(Oza + lO3a)PL:| ujh,

V2SI V2

V2

_ [y 1 1
+d, [y—l 01481 + —=p(Ong + 103,) P+ —=pl (024 — iosa)PL} d;h,

V2

e

Vi

V2

V2

1 1
+e; [— 0140ij + —=p5{(024 + i03,)Pr + _pij(OZu - i03a)PL:| e;h,

V2 V2

+ |:ﬁi{<VCKM/’d)ijPR - (/)“TVCKM);’,'PL}deLIJr + Uip§;Pre;H' + HC]

V2
(A1)

where O is the orthogonal matrix defined in Eq. (40), Vcxm denotes the Cabibbo-Kobayashi-Maskawa matrix [78,79], and
the operators P, x = (1 F y5)/2 are the standard chirality projectors constructed from the Dirac gamma matrices.
Let us parametrize the Higgs couplings to the fermions in Eq. (Al) as

 _p FAR L — B F(S P
—Ly7p = hifj(thfjkaR + ghifjkaL)fk = hifj(ghifjfk + l}’sghifjfk)fk’

_£H+fo¢ = H+fT (gfl+f7T.f1PR + gé+-fT.f¢ PL)fo —|— H_C.

= H+f’]‘ (gi1+j—"Tfl + ingZ*ﬂﬂ )fl + H'C"

where f4 = u, vand f| =d, e, and

R L
S _ g¢fAfB + gif’fAfB
DfalB 2 ’

(A2)
(A3)
R L
gt =gt
P _ _:7dfaSs dfafs
bfafs ! 2 ’ (A4)

with ¢ = h;, H*. For the diagonal couplings of the neutral Higgs bosons to fermions, the interactions can be written in a

simpler form shown in Egs. (43) and (44).
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APPENDIX B: ONE-LOOP CORRECTIONS TO THE HIGGS MASSES

The one-loop corrections to the diagonal elements of M3, can be obtained by taking p? = 0 in the following expressions:

Z4(p) = jom |- szf{ (5, G575+ 97 0 V(Almg) + Almg) - (m3 -+ m3, = p2)Bo(pmy,.my,))
_ 1 _ _
+ mf"mff (gifif/gifffi - gififjgifjfi)BO(pz; My, mff)} + 5 Z n‘/’(ihh‘/"/ﬁA(qu) + /I%lfﬁlf’BO(pz; mg, m‘ﬁ)) ’
o ¢=H A H*
(B1)
21 (P) = 16, 2{ ZNf{ (97,1, 07,7, If.g 97 ) (Almg) + Almg)) + (mf +mj = p)Bo(p*imy, my )
s S PP \RB (2
+mymy, (ngifngfjf,- - ng”,-fngfjf,-)BO(p Sy mfj)}
1 _ 1 - 1 - _
+ EﬂhhHHA(mh) + EﬂHHHHA(mH) + EAHHAAA(mA) + Annna-Almy:)
1 _ 1 _ _
+§’1%1HHBO(P2§’"H, my) +§’1%{AABO(p2;mAv my) + Ay p-Bo(p*smps my:)
+/1%LHHBO(p2;mhva) +/1%100ABO(P2§’"GO”"A) +’1%-IHABO(p2;mH’mA) +2/1§-1Hic¥30(p2;mGi’mHi) . (B2)

/ ; x 5 o
2a(P) = 12 { ZN { (a7, 97,5, 97, 957,,) Alms) + Almy,) + (mf + mi = p*)Bo(p?smy, my,))

= 1 - 1 -
S S PP 2.
g (a7 9az.r. ~ az.r, Iaz,r ) Bo(P7smy, mfj)} + 5 AunanA(my) + 2 Aupard(my)

1 _ _ _ _ _
+ E’lAAAAA(mA) + A u-A(mys) + 2344 Bo(p?smy, my) + 23,4, Bo(p*smy, my) + /%GoABo(P22 Mo, M)

1 _
7/1%-1HABO(p2; my, mH)

1 _
= MiaaBo(P*sma,my) + >

+ 2+ G-Aan-c+ Bo(p*smge . my=) + 2

+ AE&H*H-BO(P% M=, mHi)] ) (B3)

_ -1 1 _ _
_ f
S (p) = [—4§f VLS5 P 1y YA+ Aoy
+ (m]%T + m-%l - p2)BO(p23 me7 mfi)) + memfi (|915:1+fo¢ |2 - |g[f;+fo¢ |2)Bﬂ(p2, me’ mf¢>}

1 _ 1 _ 1 _
+ E/IhhH+H‘A(mh) + EiHHmH-A(mH) + E/IAAHW-A(””A)
+ Arr-mn-Almye) + Ay -Bo (PP my, mys) + 23000 Bo(p*imyg . my)

+ A= Bo(P*mg= . mpg) + Aas -Aan-c+ Bo(p?s mes, ma)

+ Xy g-Bo(pPima,mys) | (B4)

where the self-energies are regularized in the MS-scheme. The self-couplings are defined as

PV *Vv,

A A —_ B5
P oogiod PN oo oiop, (B3)
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The couplings gS’P and gs P are defined in Eqgs. (A2) and (A3). We take the approximation defined in Eq. (7) with

ofif; H f1f) -
s, = 1 in the one-loop self-energies, as the dropped terms are of two-loop order. The loop functions A(m) and B, are,
respectively, given by

_ m2
A(m) = —-m? <ln_—2 — 1), (B6)
0
_ 1 —x(1=x)p? + (1 —x)m? + xm3 — ie
Bo(pz;ml,mz):—/ dxln[ ( )P~ +( — )mi 2 } (B7)
0 A
where the ie(e > 0) term is needed when B, has an imaginary part. For p?> = 0, one gets
_ -1 m2 m2
By(0;my,my) = ——— [mz(ln_—l— l) —m2<ln_—2— 1)} (B8)
mi—my [T\ BN
Note that By (0; m, m) = —In(m?/ja*). The general analytic expressions of B, can be found in Ref. [80].
APPENDIX C: ELECTRON EDM
We collect formulas for calculating the electron EDM. The relevant interactions are parametrized as
Lyzir = —€QA S — 922, 7" (vz7 — azjers)f. (C1)
Ly jr = —W,TJ?W”[Q%;T.&PL]ﬂ +H.c, (C2)
‘Ch,-HJrH* = _l—h,HJrH* UhiH+H_, (C3)
Lzu - = i9zien-{(0,H7)HT — H™(9,H ")} 2", (C4)
where e is the positron charge, Oy denotes the electric charge of the fermion f, g, = g,/cy, and
13 2 13
Yzir =35 T3 = Qrsiys dzir = ETf’ (C5)
_ _ 9
gﬁ”%‘u —7§(VCKM>Tl’ 9@%& = (C6)
A_h[H+H7 = A301i + RCA702i - ImA7O3,-, (C7)
9zn+u- = e cot20y, (C8)
with T; = 41/2 being the third component of the weak isospin.
The expressions for d?? and d% defined in Eq. (58) are, respectively, given by [49-63]
(délz>t AemVUzeeVzir | s P i P =
=-y —==\9 .9, F " oG F " . c9
B Z4ﬂ3mf's%|/c%v [gh,-eegh;tt a(Tin, Tiz) + GneeInin (T, Tiz)] (C9)
(dgz)w V2 Grovzs,
e = Z 32”33%}{/ ggiéeghiVVJ%V(mh;>’ (CIO)
de”) g+ 9zVzze9zH 1V ; . .
( )H = Mihﬁw‘gi& [FH(THih,»’THiZ) —Fy (THih,»’THiZ)L (C11)

ZI)
e - 1287 my,.
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(dgw)t/b Nfc 1 Q( Q ¥+ Vgt
_ dr [ E J Lo Yo I H s (@S gl }
e 256ﬂ4méiA \x + 1—x w0 T —) ™ 9 oo g e T 1957 5)
X {GﬁRm,(l = %)+ GE¥m, (1 — x) + GREmyx® + G’_eLmbe . (C12)
@ )wn, e’ .
e - (167%)>v/ 2053 ZIm[gz+v‘egh,»H+W*]ghiVVI4(m%zi’mi[i)’ (C13)
w i

@) 2 o

e = (167%)%v Z Im[gﬁl*ieu%zﬁ*W‘]/lh,lﬁH‘IS(mlzq,» M), (C14)

where 745 = m3/mg, G1¥ = (g3,07,) (Gyrez £ 957) +i(9h7) (Gyezy T gbyiz,)» and the loop functions are, respec-
tively, defined as

T (1 1=2x(1=-x). [x(1—=x)
=— d 1 , Cl15
f(@) ZA xx(l—x)—r n< T (C15)
T (1 1 x(1=x)
== d 1 , Cl6
9(v) ZA xx(l—x)—7n< 7 ) (C16)
- 1
Fa(a.b) = lag(b) - bola)).  Fula.b) = [af(b) - bf(a). 1)
2m3, 1 mi md\ my
— _J(e-"v - I "y
Thimg) = |5 (0= ) + (13 ) i} > (aomwemg) = m )
m? 1 m? 1 m \ my
+ { <—4+m%;> T < —m%;) t1 (1 - zm‘%‘) m%v}(lz(vam(/;) = L(my,my))|,  (CI8)
2 2 miy 2 2 2 2
Zys(mi,m3) = ———— [l s(my, my) — 1 5(m3, my)], (C19)
my. — my,
with
mi (m3 mi (m?
Hmms) = =222 (1), rmme) = 273 0(1), (©20)
1 2 1 2
1 m?,. —m3 m? mi, (1 — x) + m3x
12,2:/d1—2—4 o2 L In(—Y ), (c21
(., ) 0 *(1=x) [x * m?, * m%, (1 = x) + mix — m3x(1 — x) . mix(1 - x) (€21)
! 3x(1 - x)? (1 =x) +m3
15(m%,m§)_2/ dv— mix( i x) i (mH (2 x) m2x>, 22)
o myu(l=x)+myx—mix(l - x) mix(1 —x)
1 a b
= ——Ina-— 1 . 2
J(a,b) a—b{a—lna b—lnb} (C23)

Note that (df'V),, is absent in softly Z, broken 2HDM.

In addition to the above contributions, we also include the kite diagrams derived in Ref. [65]. To maintain consistency
with (d7)y» (d"%)yy, and (dHV), /n,» Which are based on Ref. [58], we set £ = 1 when incorporating the kite contributions
of Ref. [65],
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d]edtc (dle\lc) ite (dEC) ite \/ia G m,
= e = T P R ) (C24)
where
P
Ih,ee9nvv V2
e = 24z 2y BUI60%e = DK (e7) + (1605, + DK (523, (C25)
i wHw e
P
IneeInvv V2
O = 2y K(Ewn) + Fear(twn) = Gear (e, (C26)
i w e
with

T

1 2 1 1 1
Ki(7) == [z2 +%(1 —47) =272 lnr+§(1 —47)In’z +2(1 — 4t +12)Li2<1 ——) —|—§(1 — 67+ 812)(13(1)}, (C27)

T

1 2 1
K, (1) = . {21(1 —47) + % (372 +47%) = 2¢(1 + 47) In7 + 2(1 — 372 — 47°)Li, <1 - ;) + (1 =27— 812)<I>(1)],

(C28)
n? 7 —67° — 874 7)(3 =107 + 72
K(T):%1(3—1-47)—1—%(5—87)—13—6(1+r)lnr+2(3+2 3; 8 )Li2(1—1>+(1+2)(3;1210 i )d)(T),
(C29)
Fe_i(7) = (3 -21)®(7), (C30)
-17)? -4z
Gy (1) = —2+2[(1 5 . 1]Li2<1 —%) + [2+1 124 }@(1), (C31)
2 1 1-vV1—-4z (1 —=+1—-4z
O(7) = Vi [F —Elnzr—f— In? (f) — 2Li, (fﬂ (C32)
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