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We examine the correlations between new scalar boson decays to photons and electric dipole moments
(EDMs) in the CP-violating flavor-aligned two-Higgs-doublet model (2HDM). It is convenient to work
in the Higgs basis fH1;H2g where only the first Higgs doublet field H1 acquires a vacuum expectation
value. In light of the LHC Higgs data, which agree well with Standard Model (SM) predictions, it
follows that the parameters of the 2HDM are consistent with the Higgs alignment limit. In this parameter
regime, the observed SM-like Higgs boson resides almost entirely in H1, and the other two physical
neutral scalars, which reside almost entirely in H2, are approximate eigenstates of CP (denoted by the

CP-even H and the CP-odd A). In the Higgs basis, the scalar potential term Z̄7H
†
1H2H

†
2H2 þ H:c:

governs the charged-Higgs loop contributions to the decay of H and A to photons. If Re Z̄7 Im Z̄7 ≠ 0,
then CP-violating effects are present and allow for an HþH−A coupling, which can yield a sizable
branching ratio for A → γγ. These CP-violating effects also generate nonzero EDMs for the electron, the
neutron and the proton. We examine these correlations for the cases of mA ¼ 95 GeV and mA ¼
152 GeV where interesting excesses in the diphoton spectrum have been observed at the LHC. These
excesses can be explained via the decay of A while being consistent with the experimental bound for the
electron EDM in regions of parameter space that can be tested with future neutron and proton EDM
measurements. This allows for the interesting possibility where the 95 GeV diphoton excess can be
identified with A, while mH ≃ 98 GeV can account for the best fit to the LEP excess in eþe− → ZH
with H → bb̄.

DOI: 10.1103/PhysRevD.111.075021

I. INTRODUCTION

With the discovery of the Higgs boson at the Large
Hadron Collider (LHC) [1,2], the Standard Model (SM) of
particle physics is complete. Furthermore, the SM has been
remarkably successful in describing the interactions of
fundamental particles and their interactions (although there
are a number of anomalies that, if verified in subsequent

experimental studies, could provide definitive evidence for
a breakdown of the SM [3]).
Nevertheless, there is some motivation to extend the

SM by adding additional scalar multiplets, as there is no
consistency principle that requires the minimal realization
of the Higgs sector in which one complex Higgs doublet
with hypercharge Y ¼ 1

2
generates mass for the W� and Z

gauge bosons, the quarks, and the charged leptons. Indeed,
in light of the observation that the SM possesses three
generations of quarks and leptons, one might also expect
additional generations of scalars (e.g., see Refs. [4–10]).
Another indication of the need for additional scalars arises
when attempting to devise a theory of electroweak baryo-
genesis to explain the observed asymmetry between bary-
ons and antibaryons (e.g., see Ref. [11]), which cannot be
achieved by the SM alone.
One of the most well-studied extensions of the SM scalar

sector, which is obtained by adding a second complex Higgs
doublet with hypercharge Y ¼ 1

2
, is the two-Higgs-doublet
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model (2HDM) [4] (see Ref. [12] for a comprehensive
review). The 2HDM provides opportunities for addressing
the issuesmentioned abovewhile remaining compatiblewith
electroweak precision data.
In its most general form, the 2HDM possesses new

sources of CP violation due to additional complex param-
eters in the Higgs Lagrangian. Such models can be compat-
ible with a strong first-order electroweak phase transition
needed for generating a sufficient baryon asymmetry in the
early Universe [13–19]. However, in specialized versions of
the 2HDM with natural flavor conservation, usually imple-
mented via a Z2 symmetry [20–22], there is only one
additional physical complex phase in the scalar potential,
such that achieving a large enough baryon asymmetry is
challenging [23]. This difficulty can be overcome by giving
up theZ2 symmetry and considering a more general 2HDM
with additional sources of CP violation.
However, new complex phases also give rise to con-

tributions to low-energy probes of CP violation, in par-
ticular, electric dipole moments (EDMs) [24–26]. In the
general CP-violating 2HDM, the EDM of the electron
typically places the most stringent bound on the model
parameters [27–29]. In some cases, future neutron and
proton EDM measurements also have the potential to
constrain the CP-violating parameters of the model.
In the 2HDMwith a SM-like Higgs boson (as required in

light of LHC Higgs data [30,31]), there are two additional
neutral scalars that are often approximate eigenstates of
CP, denoted by the CP-even H and the CP-odd A. Sizable
branching ratios of H and A decays into photons are
phenomenologically motivated by the γγ excesses at
95 GeV [32–35] and 152 GeV [36–44].1 In particular, it
has been shown that it is difficult to achieve the rates
preferred by data, especially if the CP-odd state is
responsible for the excess at 95 GeV or 152 GeV within
different versions of the 2HDM (see Refs. [49–52] and

[53], respectively). In this paper, our aim is to broaden the
treatment of the 2HDM version employed in analyzing
these excesses, paying close attention to the correlations of
the decay rate of A → γγ with the EDMs of the electron,
neutron, and proton.
In Sec. II, we review the most general CP-violating

2HDM, using the basis independent formalism introduced
in Refs. [54–57]. In Sec. III, the decay widths of the neutral
Higgs bosons to two photons are obtained for the most
general CP-violating 2HDM, and in Sec. IV, the electron,
neutron and proton EDMs are considered. In light of the
EDM constraints, the viability of the general CP-violating
2HDM to explain the excesses in the γγ channel at 95 GeV
or 152 GeV is examined in Sec. V, under the assumption
that one of the two experimental excesses represents new
physics beyond the SM. Brief conclusions are presented in
Sec. VI, followed by two appendices that provide details on
the 2HDM Yukawa sector and summarize the loop func-
tions employed in calculating the diphoton decays of the
neutral scalars.

II. 2HDM FORMALISM

The 2HDM employs two complex SUð2ÞL doublets
scalars Φ1 and Φ2 with hypercharge Y ¼ 1

2
. In the most

general version of the 2HDM, the fields Φ1 and Φ2 are
indistinguishable. Thus, it is always possible to define a new
basis of scalar fields, Φ0

i ¼
P

2
j¼1UijΦj for i ¼ 1; 2, where

U is a 2 × 2 unitary matrix. In particular, one can always
transform from the scalar field basis fΦ1;Φ2g to the Higgs
basis [54,58–62], denoted by fH1;H2g, such that hH0

1i ¼
v=

ffiffiffi
2

p
and hH0

2i ¼ 0, with v≡ ð ffiffiffi
2

p
GFÞ−1=2 ≃ 246 GeV,

whereGF is the Fermi constant. Requiring renormalizability
and SUð2ÞL × Uð1ÞY gauge invariance, the most general
scalar potential in the Higgs basis is given by

V ¼ Y1H
†
1H1 þ Y2H

†
2H2 þ ½Y3e−iηH

†
1H2 þ H:c:� þ 1

2
Z1ðH†

1H1Þ2 þ
1

2
Z2ðH†

2H2Þ2 þ Z3ðH†
1H1ÞðH†

2H2Þ

þ Z4ðH†
1H2ÞðH†

2H1Þ þ
�
1

2
Z5e−2iηðH†

1H2Þ2þ½Z6e−iηH
†
1H1 þ Z7e−iηH

†
2H2�H†

1H2 þ H:c:

�
; ð1Þ

whereY1,Y2, andZ1;…; Z4 are real,whereasY3,Z5,Z6, and
Z7 are (potentially) complex parameters. The minimization
of the Higgs basis scalar potential yields

Y1 ¼ −
1

2
Z1v2; Y3 ¼ −

1

2
Z6v2: ð2Þ

The presence of the complex phase e−iη inEq. (1) accounts
for the nonuniqueness of theHiggs basis, since one is always
free to rephase H2 because its vacuum expectation value
vanishes. In particular, under a U(2) basis transformation
Φi → UijΦj, the Higgs basis fieldsH1 andH2 are invariant

1The existence of a boson of mass ∼150 GeV was first
proposed in the context of the multilepton anomalies (see
Refs. [3,45] for reviews) in WW final states [46], later found
to be compatible with transverse mass [47] differential top-quark
distributions [48].
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whereas the phase factor e−iη transforms as e−iη →
ðdetUÞe−iη, where detU ≡ eiϕ (such that ϕ∈R) is a com-
plex number of unit modulus. It follows that the quantitiesY1,
Y2, and Z1;…; Z4 are invariant with respect to a change
of basis of the scalar fields, whereas ½Y3; Z6; Z7� →
e−iϕ½Y3; Z6; Z7� and Z5 → e−2iϕZ5. Therefore,

Z̄5 ≡ Z5e−2iη; Z̄6 ≡ Z6e−iη; Z̄7 ≡ Z7e−iη; ð3Þ

are basis-invariant quantities.2

In the Higgs basis the scalar doublets can be para-
metrized as

H1 ¼
 

Gþ

1ffiffi
2

p ðvþφ0
1 þ iGÞ

!
; H2 ¼

 
Hþ

2

1ffiffi
2

p ðφ0
2 þ ia0Þ

!
;

ð4Þ

where we have identified G ¼ ffiffiffi
2

p
ImH0

1 and G� ¼ H�
1 as

the massless CP-odd neutral and charged Goldstone
bosons, respectively, and H�

2 as the physical charged
Higgs boson pair with

m2
H� ¼ Y2 þ

1

2
Z3v2: ð5Þ

In general, the CP-even scalar φ0
1 mixes with the scalars φ0

2

and a0.
The resulting physical neutral scalar squared-mass

matrix in the φ0
1–φ

0
2–a

0 basis is

M2 ¼ v2

0
B@

Z1 Re Z̄6 − Im Z̄6

Re Z̄6
1
2
½Z4c þ Re Z̄5� − 1

2
Im Z̄5

− Im Z̄6 − 1
2
Im Z̄5

1
2
½Z4c − Re Z̄5�

1
CA;

ð6Þ

where Z4c ≡ Z4 þ 2m2
H�=v2, and the quantities Z̄5 and Z̄6

are defined in Eq. (3). If Im Z̄5 ¼ ImðZ̄6Þ2 ¼ 0 then there is
no mixing of the would-be CP-even and CP-odd neutral
scalar states in the neutral scalar squared-mass matrix. If
these conditions do not hold, thenCP-violating interactions
of the neutral scalar mass eigenstates are present.3

Since the squared-mass matrix M2 is real and sym-
metric, it can be diagonalized by an orthogonal trans-
formation with unit determinant,

RM2RT ¼ M2
D ≡ diagðm2

1; m
2
2; m

2
3Þ; ð7Þ

where RRT ¼ I, detR ¼ 1, and the m2
k are the eigenvalues

of M2. A convenient form for R is

R¼

0
B@
c13c12 −s12c23−c12s13s23 −c12s13c23þ s12s23
c13s12 c12c23− s12s13s23 −s12s13c23−c12s23
s13 c13s23 c13c23

1
CA;

ð8Þ

where cij ≡ cos θij and sij ≡ sin θij. Indeed, the angles θ12,
θ13, and θ23 defined above are basis-invariant quantities
since they are obtained by diagonalizingM2, whose matrix
elements are independent of the choice of the scalar
field basis.
The neutral physical scalar mass eigenstates, denoted by

h1, h2, and h3 (with corresponding massesm1,m2, andm3),
are given by

0
B@

h1
h2
h3

1
CA ¼ R

0
B@

φ0
1

φ0
2

a0

1
CA ¼ Q

0
B@

ffiffiffi
2

p
ReH0

1 − v

H0
2

H0†
2

1
CA; ð9Þ

where

Q ¼

0
BB@

q11
1ffiffi
2

p q�12e
iθ23 1ffiffi

2
p q12e−iθ23

q21
1ffiffi
2

p q�22e
iθ23 1ffiffi

2
p q22e−iθ23

q31
1ffiffi
2

p q�32e
iθ23 1ffiffi

2
p q32e−iθ23

1
CCA; ð10Þ

and the qkj are defined in Table I.
It is convenient to define the positively charged Higgs

field as

Hþ ≡ eiθ23Hþ
2 : ð11Þ

One can then invert Eq. (9) and include the charged scalars
to obtain

H1 ¼
 

Gþ

1ffiffi
2

p
�
vþ iGþP3

k¼1 qk1hk
�! ð12Þ

and

TABLE I. The basis-invariant quantities qkl are functions of the
neutral scalar mixing angles θ12 and θ13, with cij ≡ cos θij and
sij ≡ sin θij. The angles θ12, θ23 are defined modulo π. By
convention, we take 0 ≤ c12; c13 ≤ 1.

k qk1 qk2

1 c12c13 −s12 − ic12s13
2 s12c13 c12 − is12s13
3 s13 ic13

2Note that physical observables can depend only on basis-
invariant combinations of the scalar potential parameters.

3Another potential source of CP violation in the scalar self-
interactions is due to the complex parameter Z̄7, which does not
appear in the mass matrix in Eq. (6) and is thus uncorrelated with
the mixing among the neutral scalars.
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eiθ23H2 ¼
� Hþ

1ffiffi
2

p
P

3
k¼1 qk2hk

�
: ð13Þ

Although θ23 is a basis invariant parameter, it has no
physical significance since it can be eliminated by rephas-
ing the scalar doublet fieldH2 → e−iθ23H2. Henceforth, we
shall set θ23 ¼ 0 as advocated in Refs. [63,64].
To perform a phenomenological analysis, it is instructive

to identify a set of independent basis-invariant parameters
that govern the scalar sector of the most general 2HDM.
First, we rewrite Eq. (7) as M2 ¼ RTM2

DR and insert the
expression for R given by Eq. (8) with θ23 ¼ 0. We then
make use of Eq. (6) to obtain

Z1 ¼
1

v2
X3
k¼1

m2
kðqk1Þ2; ð14Þ

Z4 ¼
1

v2

	X3
k¼1

m2
kjqk2j2 − 2m2

H�



; ð15Þ

Z̄5 ¼
1

v2
X3
k¼1

m2
kðq�k2Þ2; ð16Þ

Z̄6 ¼
1

v2
X3
k¼1

m2
kqk1q

�
k2: ð17Þ

Together with Eqs. (2) and (5) it follows that a convenient
choice for the set of independent parameters is

fv; θ12; θ13; m1; m2; m3; mH� ; Z2; Z3;Re Z̄7; Im Z̄7g; ð18Þ

where the complex parameter Z̄7 is defined in Eq. (3). That
is, the scalar sector of the most general 2HDM is governed
by 11 real independent basis-invariant parameters.
The LHC Higgs data strongly suggest that the observed

Higgs scalar of mass 125 GeV is SM-like [30,31]. We shall
identify this scalar with h1 ≃ hSM. As the WþW−hk terms
in the Lagrangian are given by

Wþ
μ W−

ν hk∶ gmWqk1gμν; ð19Þ

for k ¼ 1; 2; 3, it follows that the h1WþW− coupling
coincides with that of the SM Higgs boson if q11 ¼ 1,
which corresponds to the Higgs alignment limit [65–70]. In
this limit, c12 ¼ c13 ¼ 1 and s12 ¼ s13 ¼ 0 (or equiva-
lently, q11 ¼ q22 ¼ −iq32 ¼ 1 and q21 ¼ q31 ¼ q12 ¼ 0 in
light of Table I). Using Eqs. (16) and (17), one obtains

Im Z̄5 ¼ Z̄6 ¼ 0; ðHiggs alignment limitÞ: ð20Þ

The conditions for a CP-conserving scalar sector are
given by [54]:

ImðZ̄�
5Z̄

2
6Þ ¼ ImðZ̄�

5Z̄
2
7Þ ¼ ImðZ̄�

6Z̄7Þ ¼ 0: ð21Þ

Whereas Z̄7 does not appear in the neutral scalar squared-
mass matrix, it provides a potentially new source of
CP-violation via the scalar self-interactions. For example,
the HþH−hk terms that appear in the scalar Lagrangian,
obtained after inserting Eqs. (12) and (13) into Eq. (1), are
given by

HþH−hk∶ − v½qk1Z3 þ Reðqk2Z̄7Þ�; ð22Þ

with k ¼ 1; 2; 3. These interactions are relevant for the
charged Higgs boson loop contribution to the hk → γγ
decay amplitude because they give unsuppressed contri-
butions in the Higgs alignment limit. Therefore we have
used them in Sec. III to generate a sizable branching ratio of
h2 and h3 to two photons.
As a result of Eqs. (20) and (21), it follows that the scalar

sector is CP-conserving if and only if,

ImðZ̄�
5Z̄

2
7Þ ¼ 2Z̄5 Re Z̄7 Im Z̄7 ¼ 0: ð23Þ

Under the assumption of m2 ≠ m3, Z̄5 is real and nonzero
[see Eq. (16)], in which case CP conservation requires that
either Re Z̄7 ¼ 0 or Im Z̄7 ¼ 0. In the Higgs alignment
limit, the HþH−hk couplings are given by

HþH−h1∶ − vZ3; ð24Þ

HþH−h2∶ − vRe Z̄7; ð25Þ

HþH−h3∶ v Im Z̄7: ð26Þ

Since HþH− is CP-even, it follows that h1 is CP-even in
the Higgs alignment limit, whereas h2 is CP-even and h3 is
CP-odd if Im Z̄7 ¼ 0.4 In contrast, if Re Z̄7 Im Z̄7 ≠ 0, then
h2 and h3 are states of indefinite CP and the scalar sector is
CP-violating.
In practice the Higgs alignment limit of the 2HDM is not

exact. Indeed, the LHCHiggs data (which confirms that h1 is
SM-like) only requires that js12j, js13j ≪ 1. Consider the
case of 0 < js12j ≪ 1 and s13 ¼ 0. Then Eqs. (16) and (17)
yield Im Z̄5 ¼ Im Z̄6 ¼ 0. If in addition Z̄7 ¼ 0, then the
bosonic sector isCP-conserving andwe can identifyh2 ≡H
and h3 ≡ A, where we have employed the standard notation
of the 2HDMwhereH isCP-even andA isCP-odd. It is then

4Note that if Re Z̄7 ¼ 0 then h2 is CP-odd and h3 is CP-even
in the Higgs alignment limit. That is, the CP properties of h2 and
h3 are reversed with respect to the case of Im Z̄7 ¼ 0. If Z̄7 ¼ 0,
then the CP quantum numbers of h2 and h3 are not individu-
ally determined even though the bosonic sector of the theory is
CP-conserving and the presence of the Zh2h3 coupling indicates
that the product of fields h2h3 is CP-odd.
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useful to maintain the H, A notation even when Z̄7 ≠ 0, in
which case, anHþH−A coupling (which violatesCP) will be
present if Im Z̄7 ≠ 0 as indicated in Eq. (26). Similarly, if
0 < js13j ≪ 1 and s12 ¼ 0, then it follows that
Im Z̄5 ¼ Re Z̄6 ¼ 0, in which case we can identify h2 ≡ A
and h3 ≡H. In this scenario, an HþH−A coupling (which
violates CP) will be present if Re Z̄7 ≠ 0 as indicated
in Eq. (25).
Finally, we examine the Higgs-fermion couplings of the

2HDM. In the absence of a Z2 symmetry to constrain the
Higgs Lagrangian, both scalar doublets will couple to up-
type and down-type fermions in the Yukawa Lagrangian,

−LY ¼ Q̄ðκ̂UH̃1 þ ρ̂UH̃2ÞU þ Q̄ðκ̂†DH1 þ ρ̂†DH2ÞD
þ L̄ðκ̂†EH1 þ ρ̂†EH2ÞEþ H:c:; ð27Þ

where Q̄H̃k≡Q̄1H2†
k −Q̄2H1†

k , Q̄Hk≡Q̄iHi
k, and L̄Hk≡

L̄iHi
k, summed over the repeated SUð2ÞL superscript index

i, for k ¼ 1; 2. In Eq. (27), κ̂F, ρ̂F (for F ¼ U;D; E) are
3 × 3 Yukawa coupling matrices, Q and L are SUð2ÞL
doublets of left-handed quark and lepton fields, and U, D
and E are SUð2ÞL singlets of right-handed quark and lepton
fields (with the generation index suppressed). When the
fermion mass matrices, M̂F ≡ vκ̂F=

ffiffiffi
2

p
, are diagonalized,

the corresponding transformed ρ̂F matrices are in general
complex and nondiagonal. That is, without further restric-
tions on the Yukawa Lagrangian, natural flavor conserva-
tion cannot be enforced [71,72]. As a result, the most
general 2HDM will generically yield dangerously large
flavor-changing neutral currents at tree-level mediated by
neutral scalars (e.g., see Ref. [73] for a detailed analysis).
An alternative approach to avoid off-diagonal neutral

scalar couplings to fermions is to impose alignment in
flavor space on the Yukawa couplings of the two scalar
doublets [64,74–80]. That is, we define (potentially com-
plex) flavor alignment parameters aF in Eq. (27) via5:

ρ̂F ¼
ffiffiffi
2

p

v
aFM̂F; for F ¼ U;D; E: ð28Þ

Note that the Yukawa coupling matrices defined in Eq. (27)
and the flavor alignment parameters aF are invariant with
respect to a change of basis of the scalar fields.

In Appendix A, we obtain the Yukawa Lagrangian
involving the neutral scalar fields hk [cf. Eq. (A11)]:

−LY ¼
1

v
ŪMU

X3
k¼1

ðqk1þq�k2aUPRþqk2a�UPLÞUhk

þ1

v

X
F¼D;E

F̄MF

X3
k¼1

ðqk1þqk2a�FPRþq�k2aFPLÞFhk:

ð29Þ

In the exact Higgs alignment limit, Eq. (29) reduces to

−LY ¼ 1

v

X
F¼U;D;E

F̄MFFh1

þ 1

v

X
F¼U;D;E

F̄MFðRe aF þ iεFγ5 Im aFÞFh2

þ 1

v

X
F¼U;D;E

F̄MFðIm aF − iεFγ5 Re aFÞFh3; ð30Þ

where we have introduced the notation

εF ≡
�þ1; for F ¼ U;

−1; for F ¼ D;E:
ð31Þ

Note that the Yukawa Lagrangian exhibited in Eq. (30) is
CP conserving if the alignment parameters aU, aD, and aE
are either all real (thereby identifying h2 ¼ H and h3 ¼ A)
or all pure imaginary (where the corresponding CP proper-
ties of h2 and h3 are reversed).

III. NEUTRAL SCALAR DECAY TO PHOTONS

The diphoton partial decay widths of the neutral scalars
are induced at one-loop by diagrams involving W bosons,
charged scalars, quarks, and charged leptons. Using the
formulas given in Ref. [7],

Γðhk → γγÞ ¼ GFα
2m3

k

128π3
ffiffiffi
2

p
�����qk1AWðτWÞ þ

v2

2m2
H�

½qk1Z3 þ Reðqk2Z̄7Þ�AH�ðτH�Þ þ
X
f

Ncfe2f½qk1 þ Reðq�k2afÞ�A0
fðτfÞ

����2

þ
����X

f

Ncfe2f Imðq�k2afÞA5
fðτfÞ

����2
�
; ð32Þ

5Flavor-aligned extended Higgs sectors can arise naturally from symmetries of ultraviolet completions of low-energy effective
theories of flavor as shown in Refs. [79,81–83]. In such models, departures from exact flavor alignment due to renormalization group
running down to the electroweak scale are typically small enough [84,85] to be consistent with all known experimental FCNC bounds.
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where the sum over f is taken over three generations of up-
type quarks (with af ¼ aU), down-type quarks (with
af ¼ aD), and charged leptons (with af ¼ aE), the ef
are the corresponding fermion charges in units of the
positron charge e, Ncf ¼ 3 (Ncf ¼ 1) for the quarks
(leptons), the loop functions AW , AH� , A0

f and A5
f are

listed in Appendix B, and τX ≡ 4m2
X=m

2
k. We cross-

checked our results with SCANNERS [86], confirming our
results for the case λ6 ¼ λ7 ¼ 0 in a generic basis of scalar
fields, and assuming the Yukawa sector of the type-I
2HDM [87].
Note that for exact Higgs alignment, the partial decay

width Γðh1 → γγÞ differs from its SM value by the
contribution of the charged Higgs loop that is proportional
to ðZ3Þ2. The contributions of the fermion loops to the
diphoton partial decay widths of h2 ≃H and h3 ≃ A vanish
in the limit of aF ¼ 0. In this approximation, the diphoton
partial decay widths of H and A arise solely from the
charged Higgs loop, with contributions proportional to
½Re Z̄7�2 and ½Im Z̄7�2, respectively.
The partial decays widths of the neutral scalars to

fermions, WW and ZZ can be obtained by rescaling the
one of a hypothetical SM Higgs boson with the same mass
[88] by the square of the ratios of the corresponding vertex
factors.6 In this way higher-order QCD and electroweak
corrections are included.

IV. ELECTRIC DIPOLE MOMENTS

The most constraining bound on the CP-violating
parameters of the general 2HDM derives from the meas-
urement of the electron EDM [27–29],

jdej ≤ ð1.3� 2.0stat � 0.6sysÞ × 10−30 ecm: ð33Þ

For calculating the electron EDM within the 2HDM we
used the results and the publicly available code provided as
supplemental material in Ref. [90] (see Eq. (41) and related
discussion in Ref. [90]). As in Sec. III, we again have used
SCANNERS [86] to cross-check our results for the elec-
tron EDM.
The prospects for the neutron EDM (jdnj) and proton

EDM (jdpj) are at the level of 10−27 ecm [29] and
10−29 ecm [91], respectively. The dominant contributions
in the 2HDM arise at the two-loop level via the Barr-Zee
diagrams [92] as well as sunset diagrams contributing to the

three-gluon Weinberg operator7 d̃GðmtÞ [93] (see Fig. 1).
The neutron EDM can then be written as [94,95]

dn ¼ −ð0.20� 0.01Þdu þ ð0.78� 0.03Þdd
− ð0.55� 0.28Þed̃u − ð1.1� 0.55Þed̃d
þ ð50� 40Þ MeVed̃G; ð34Þ

where the theory errors associated with the hadronic matrix
elements [93,96–101] have been neglected. In Eq. (34), the
chromomagnetic contributions have been labeled with a
tilde and [102–104]

FIG. 1. Representative Feynman diagrams contributing to
EDMs: (a) example of a Barr-Zee diagram that contributes to
fermionic EDMs. Note that if a t-quark is in the loop, then a
chromomagnetic operator is also induced by replacing both
photons with gluons; (b) contribution to the Wilson coefficient
of the three-gluon Weinberg operator.

6For CP-eigenstates, the Higgs decays widths to light fermion
pairs are roughly the same for a CP-even and a CP-odd scalar,
whereas the latter has no couplings to gauge bosons [7]. For the
case of mixed states, the CP-even and CP-odd scalar couplings to
fermions do not interfere when calculating the decay widths and
only the CP-even component of a scalar couples toWW and ZZ.
Note that complex couplings also lead to the decaysH� → W�Z;
however with very small branching ratios [89].

7There is also another contribution to the three-gluon Wein-
berg operator at 2-loops, the so-called charged contribution
corresponding to the lower Feynman diagram in Fig. 1 with
the charged Higgs boson in the propagator inside the loop.
However, this contribution is proportional to Imða�DaUÞ and can
be safely neglected in our numerical analysis.
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d̃GðmtÞ ¼ 4g3sðmtÞ
ffiffiffi
2

p
GF

ð4πÞ4
×
X
f¼t;b

εf½qk1 þReðq�k2afÞ� Imðq�k2afÞFðmf;mkÞ;

ð35Þ

where εf ¼ �1 for f ¼ t (with af ¼ aU) and f ¼ b (with
af ¼ aD) [cf. Eq. (31)], and Fðm;MÞ is defined as

Fðmf;mkÞ

¼m4
f

4

Z
1

0

dx
Z

1

0

du
u3x3ð1− xÞ

½m2
fxð1− uxÞ þm2

kð1− uÞð1− xÞ�2 :

ð36Þ

The contributions of light quarks were determined using the
prescription described in Eq. (63) of Ref. [90] for recasting
the corresponding results of the electron. We used renorm-
alization-group-improved results for the chromomagnetic
contribution [102,105]. To obtain the proton EDM, to first
approximation one can swap down quarks with up quarks
in Eq. (34).

V. PHENOMENOLOGY

As discussed in Sec. IV, Im Z̄7 is the only scalar potential
parameter that generates an unsuppressed contribution to
the decay width ðh3 ≃ AÞ → γγ. If, in addition, the mixing
with other scalars and the flavor-alignment parameters aF
(F ¼ U, D, E) are small, then it is possible to enhance the
branching ratio, BRðh3 → γγÞ, beyond a value that is
accessible in a 2HDM with a Z2 conserving scalar
potential. Let us consider separately the diphoton excesses
at 95 GeVand 152 GeVas applications for this mechanism.

A. 95 GeV and 98 GeV excesses

Concerning the 95 GeV diphoton excess8 the combina-
tion of ATLAS [35] and CMS [107] data prefers a signal
strength for the 95 GeV scalar S of [108]

μLHCγγ;95 ¼
σNPðpp→ S95 → γγÞ
σSMðpp→ h95 → γγÞ ¼ 0.24þ0.09

−0.08 ; ð37Þ

where h95 represents a (hypothetical) SM-like Higgs boson
with a mass of 95 GeV, used to illustrate the (size) of the
excess and NP stands for new physics. It has been shown
that only small regions in parameter space of the 2HDM
with a Z2 symmetry9 can explain the 95 GeVexcess if this
scalar is CP-even [49–52], whereas a CP-odd solution is
even more difficult. The LEP collider found a 2.3σ excess
for a scalar H in eþe− → Z� → ZH [110], which is most
pronounced in H → bb̄, resulting [111] in10

μLEP
bb̄

¼ σNPðeþe− → ZS98Þ
σSMðeþe− → Zh98Þ

BRðS98 → bb̄Þ
BRðh98 → bb̄Þ ≈ 0.12� 0.06;

ð38Þ

where the labels are as in Eq. (37).
Here we want to consider the option that the diphoton

excess is due to the (mostly) CP-odd scalar h3 ≃ A. While
the LEP signal cannot be explained at the same time by h3,
the excess is in fact most pronounced at ≈98 GeV,
indicating that it could be due to another state, which
we shall identify as the mostly CP-even scalar h2 ≃H.
Note that for the sizable mixing angles preferred by LEP
(θ12 ≈ 0.3), h2 decays dominantly to bb̄ with a small
branching ratio to photons such that LHC bounds are not
relevant, as indicated in Table II. We have two main
production mechanisms for h2 and h3: Drell-Yan (DY)
(pp→Z�→h2h3, pp→W�→ h2;3H�) and gluon fusion.11

In the limit of small mixing angles we have

TABLE II. Branching ratios of the neutral scalars h2 and h3 (with mh3 ¼ 95 GeV), for the choice of parameters given by the
benchmark point exhibited in Table III with Im Z̄7 ¼ 0.4 and Re aU ¼ −0.01. The branching ratios for the Zhi mode correspond to
h2 → Zh3 and h3 → Zh2, respectively. Branching ratios less than 10−7 are indicated by a zero entry above.

bb̄ τþτ− cc̄ μþμ− WþW− ZZ gg γγ Zh1 Zhi W�H∓

h2 ≃H 0.80 0.084 0.037 2.9 × 10−4 7.9 × 10−3 9.0 × 10−4 0.069 1.5 × 10−3 0 1.6 × 10−6 0
h3 ≃ A 0.73 0.076 0.089 2.6 × 10−4 4.3 × 10−3 6.1 × 10−4 0.061 0.037 0 0 0

8The ditau excess of CMS [33] at around 100 GeV is not seen
by ATLAS [106] and also not confirmed by the b-associated
channel of CMS. Therefore, we will disregard the ditau channel
here.

9The generic 2HDM with a sizable Yukawa coupling
of the top quark to H2 can explain the 95 GeV diphoton
excess [109].

10We rounded the numbers for the LEP signal strength to one
significant digit and adjusted the error to recover the 2.3σ excess
reported by LEP.

11The gluon-fusion cross section is obtained from rescaling the
SM [88], including a factor of ≈1.5 due to the axial coupling
[112,113]. For the Drell-Yan production cross section, we used
MadGraph5_aMC@NLO [114,115], including the next-to-next-to
leading log (NNLL) and NLO QCD correction factor of ≈1.15
of Refs. [116,117].
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σGFðpp→ h3Þ≈
1.5

1þ s212
σGFðpp→ h95Þ≈ jaUj2100 pb

σDYðpp→ h3H�Þ≈ σDYðpp→ h2H�Þ≈ 0.31 pb

σDYðpp→ h3h2Þ≈ 0.28 pb ð39Þ

where we have taken 130 GeV for the charged Higgs mass
in light of the ATLAS excess in t → ðH� → cbÞb [118].
For simplicity, let us consider the dependence on aU and
Im Z̄7 while setting aD ¼ aE ¼ 0, which strongly sup-
presses an effect in the very constraining electron EDM.
We fix the other relevant model parameters as indicated in
Table III. The branching ratios of the h2 and h3 decay

modes corresponding to this benchmark point are exhib-
ited in Table II. In Fig. 2, we show the preferred regions in
the Im Z̄7 − Re aU plane.12 Note the complementary
between the proton and the neutron EDM. In particular,
future EDM measurements can cover most of the param-
eter space in which the 95 GeV diphoton excess is
explained.

B. 152 GeV excess

Here, the relevant production process is Drell-Yan as we
are considering the associated production of the 152 GeV
boson, i.e., γγ þ X which is significantly more sensitive to
physics beyond the SM than the inclusive measurements.
From the analysis of Ref. [53],13 we see that the preference
for a nonzero diphoton branching ratio with a best-fit value
of ≈1.3% is greater than 4σ. Here, we consider for
simplicity the case in which the relative coupling strength
to all fermions is the same, aU ¼ aD ¼ aE ¼ aF. The
branching ratios of the neutral scalars h2 and h3 (for
mh3 ¼ 152GeV) are given in Table IV for the benchmark
point specified in Table V.14 The comparison of the
preferred diphoton branching ratios as well as the bounds
from EDMs are shown15 in Fig. 3. One can see that the
electron EDM enforces the product of Im Z̄7 × jaFj to be
small, such that the 152 GeV excess can only be explained
for small values of the couplings jaFj, corresponding to the
region where DY is the main production mechanism. If
aE ¼ 0, then the electron EDM constraint would be
avoided, but the scenario could still be tested by future
neutron and proton EDM measurements. In light of the
large branching ratio for A → W�H∓ (with, say, the W

TABLE III. Benchmark point used for the interpretation of the
γγ excesses at 95 GeV and the bb̄ excess at 98 GeV. We fixed
aD ¼ aE ¼ 0 and Arg aU ¼ −0.03, and masses are given in units
of GeV.

mh1 mh2 mh3 mH� θ12 θ13 Z2 Z3 Re Z̄7

125 98 95 130 0.25 0.01 0.2 −0.2 0.1

FIG. 2. Preferred regions in the Im Z̄7 − Re aU plane from the
diphoton excesses at 95 GeV (blue) and the estimated sensitivity
of future neutron and proton EDM measurements (green). The
regions above the dashed lines are excluded by the SM Higgs
signal strength in h1 → γγ=ZZ, while the one below the solid line
is preferred by the LEP (98 GeV) signal strength. The benchmark
point exhibited in Table III fixes the other model parameters.

12Note that charged Higgs boson searches are not constraining
for our setup [119] and we checked with HiggsTools [120] that
also no other search channels implemented there are violated for
this benchmark point. Additionally, for the parameter space
explaining the excesses without violating other bounds, we
checked for consistency with vacuum stability and perturbative
unitarity.

13Although Ref. [53] considered the case in which h2 ≃H is
the 152 GeV candidate, since only branching ratios of H� matter
and the branching ratio of the neutral scalar to photons is the fit
parameter, the results apply to our case.

14In contrast to the benchmark point of Sec. VAwhere aD ¼ 0,
here we have assumed that both aU and aD are nonzero. We have
checked that values of the charged Higgs mass as low as mH� ¼
130 GeV are not excluded by the observed rate for b → sγ, where
the dominant new physics contribution (via a charged Higgs
loop) is proportional to Reða�DaUÞ. Although such low charged
Higgs masses are untenable in the Type-II 2HDM [121], the
corresponding constraints in the flavor-aligned 2HDM are con-
siderably weaker in a large region of its parameter space [64,122].
In particular, with the benchmark parameters given in Table V, the
entire plane shown in Fig. 3 is allowed.

15We checked with HiggsTools [120] that the parameter space
addressing the observed excesses is consistent with other direct
searches, SM Higgs signal strength and electroweak precision
data and satisfies vacuum stability and perturbative unitarity.
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boson off-shell) as shown in Table IV, searches for the
charged Higgs boson in future LHC runs will provide an
important test of this scenario.

VI. CONCLUSIONS

In this paper, we proposed that a large branching ratio to
photons of the (mostly) CP-odd scalar h3 ≃ A in the flavor-
aligned 2HDM can be achieved if the Yukawa flavor-
alignment parameters are small and the parameter Z̄7 has a
sizable imaginary part. This then acts as a source of CP
violation, giving rise to nonvanishing EDMs of fundamen-
tal fermions. We considered two benchmark points moti-
vated by the diphoton excesses at 95 GeV and 152 GeV,
explored the correlations with the electron EDM, and noted
that these regions of parameter space can be tested by future
neutron and proton EDM experiments. Moreover, we found
that if h3 ≃ A accounts for the 95 GeV γγ excess, then h2 ≃
H could explain the LEP excess in Higgs-strahlung that is
more pronounced at 98 GeV than at 95 GeV.
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APPENDIX A: YUKAWA SECTOR
OF THE 2HDM

In the Higgs basis, the 2HDM Yukawa coupling
Lagrangian is given by Eq. (27). First, we focus on the
terms of the Yukawa Lagrangian involving the neutral
scalar fields. It then follows that

−LY ¼ ðκ̂UÞmnH
0†
1
ˆ̄umLûnR þ ðρ̂UÞmnH

0†
2
ˆ̄umLûnR

þ ðκ̂†DÞmnH
0
1
ˆ̄dmLd̂nR þ ðρ̂†DÞmnH

0
2
ˆ̄dmLd̂nR

þ ðκ̂†DÞmnH
0
1
ˆ̄emLênR þ ðρ̂†EÞmnH

0
2
ˆ̄emLênR

þ H:c: ðA1Þ

where fR;L ≡ 1
2
ð1� γ5Þf, with f ¼ u; d; ν; e and there is

an implicit sum over the repeated fermion generation

TABLE V. Benchmark point used for the interpretation of the
γγ þ X excesses at 152 GeV. We fixed aU ¼ aD ¼ aE ¼ aF with
Arg aF ¼ −0.01, and masses are given in units of GeV.

mh1 mh2 mh3 mH� θ12 θ13 Z2 Z3 Re Z̄7

125 200 152 130 0.01 0.001 0.2 −0.2 0.1

TABLE IV. Branching ratios of the neutral scalars h2 and h3 (with mh3 ¼ 152 GeV), for the choice of parameters given by the
benchmark point exhibited in Table V with Im Z̄7 ¼ 0.8 and Re aF ¼ 0.01. The branching ratios for the Zhi mode correspond to
h2 → Zh3 and h3 → Zh2, respectively. Branching ratios less than 10−7 are indicated by a zero entry above.

bb̄ τþτ− cc̄ WþW− ZZ gg γγ Zh1 Zhi W�H∓

h2 ≃H 2.7 × 10−4 3.3 × 10−5 1.4 × 10−5 0.021 7.2 × 10−3 1.5 × 10−4 8.5 × 10−7 4.7 × 10−7 0.045 0.93
h3 ≃ A 0.026 2.7 × 10−3 1.6 × 10−3 1.3 × 10−3 1.4 × 10−4 1.3 × 10−4 0.012 1.0 × 10−4 0 0.95

FIG. 3. BRðh3 → γγÞ in the Im Z̄7 − Re aF plane as well as the
allowed region from the electron EDM (orange) and the regions
where future neutron and proton EDM measurements will be
sensitive (green). The preferred 1σ region from the γγ þ X
excesses at 152 GeV is indicated by the band with dark blue
solid lines. Constraints from h1 → γγ=ZZ signal strength are
satisfied within the whole depicted area at the 1σ and thus not
displayed. The benchmark point exhibited in Table V fixes the
other model parameters.
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indices m, n∈ f1; 2; 3g. The hatted fields correspond to
interaction eigenstates. Setting H0

1 ¼ H0†
1 ¼ v=

ffiffiffi
2

p
yields

the fermion mass matrices

ðM̂UÞmn ¼
vffiffiffi
2

p ðκ̂UÞmn; ðA2Þ

ðM̂D;EÞmn ¼
vffiffiffi
2

p ðκ̂†D;EÞmn; ðA3Þ

and the neutrino mass matrix M̂N ¼ 0. The singular value
decompositions of M̂U and M̂D yield

L†
uM̂URu ≡MU; L†

dM̂DRd ≡MD ðA4Þ

where MU and MD are diagonal up- and down-type quark
mass matrices with real and nonnegative diagonal elements,
and the unitary matrices Lf and Rf (f ¼ u; d) relate hatted
interaction-eigenstate fermion fields with unhatted mass-
eigenstate fields,

f̂mL ¼ ðLfÞmnfnL; f̂mR ¼ ðRfÞmnfnR: ðA5Þ

The Cabibbo-Kobayashi-Maskawa (CKM) matrix is
denoted by K ≡ L†

uLd.

Likewise, the singular value decomposition of M̂E yields

L†
eM̂ERe ≡ME; ðA6Þ

where ME is the diagonal charged lepton mass matrix with
real and nonnegative diagonal elements, and the mass-
eigenstate lepton fields are given (for f ¼ ν; e) by

f̂mL ¼ ðLeÞmnfnL; f̂mR ¼ ðReÞmnfnR: ðA7Þ

The physical (basis-invariant) ρ-type Yukawa couplings
are complex 3 × 3 matrices,

ρU ≡ L†
u ρ̂URu; ρ†D ≡ L†

d ρ̂
†
DRd; ρ†E ≡ L†

e ρ̂
†
ERe;

ðA8Þ

that generically yield off-diagonal neutral Higgs–fermion
interactions. The corresponding neutral Higgs–fermion
interactions involving mass-eigenstate scalar and fermion
fields can now be obtained. If we additionally include the
charged Higgs–fermion interactions starting with Eq. (27)
and replace the interaction-eigenstate fields with mass-
eigenstate fields, we end up with

−LY ¼ Ū

�
MU

v
qk1 þ

1ffiffiffi
2

p ½q�k2ρUPR þ qk2ρ
†
UPL�

�
Uhk þ D̄

�
MD

v
qk1 þ

1ffiffiffi
2

p ½qk2ρ†DPR þ q�k2ρDPL�
�
Dhk

þ Ē

�
ME

v
qk1 þ

1ffiffiffi
2

p ½qk2ρ†EPR þ q�k2ρEPL�
�
Ehk þ fŪ½Kρ†DPR − ρ†UKPL�DHþ þ N̄ρ†EPREHþ þ H:c:g; ðA9Þ

with an implicit sum over the index k ¼ 1; 2; 3, where
PR;L ≡ 1

2
ð1� γ5Þ and the mass-eigenstate fields of the

down-type quarks, up-type quarks, charged leptons, and
neutrinos are denoted by D ¼ ðd; s; bÞT, U≡ ðu; c; tÞT,
E ¼ ðe; μ; τÞT, and N ¼ ðνe; νμ; ντÞT, respectively.
As previously noted, the matrices ρF are in general

complex and nondiagonal, which can generate dangerously
large tree-level flavor-changing neutral currents (FCNCs)
mediated by neutral scalars. In this work, we have
employed the flavor-aligned 2HDM [64,74–80] in which
the ρF are proportional to the corresponding diagonal
fermion mass matrices MF without imposing any sym-
metry (such as the Z2 symmetry used in constructing the

type I, II, X, or Y 2HDM [20–22], which naturally yields
flavor-diagonal neutral scalar couplings). In particular, we
define the flavor-alignment parameters aF via ρ̂F ¼ aFκ̂F
for F ¼ U, D, E, where the (potentially) complex numbers
aF are invariant under a scalar field basis transformation. In
light of Eqs. (A4), (A6), and (A8), it follows that

ρF ¼
ffiffiffi
2

p

v
aFMF; for F ¼ U;D; E: ðA10Þ

Equations (A9) and (A10) then yield the Higgs–fermion
Yukawa couplings of the flavor-aligned 2HDM,

−LY ¼ 1

v
ŪMU

X3
k¼1

ðqk1 þ q�k2aUPR þ qk2a�UPLÞUhk þ
1

v

X
F¼D;E

F̄MF

X3
k¼1

ðqk1 þ qk2a�FPR þ q�k2aFPLÞFhk

þ
ffiffiffi
2

p

v
fŪ½a�DKMDPR − a�UMUKPL�DHþ þ a�EN̄MEPREHþ þ H:c:g: ðA11Þ
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APPENDIX B: LOOP FUNCTIONS

We list the loop functions used in the computations of the
partial decay widths of the scalars to two photons [7]

AWðτÞ ¼ 2þ 3τ þ 3τð2 − τÞgðτÞ ðB1Þ

AH�ðτÞ ¼ τ½1 − τgðτÞ� ðB2Þ

A0
fðτÞ ¼ −2τ½1þ ð1 − τÞgðτÞ� ðB3Þ

A5
fðτÞ ¼ −2τgðτÞ ðB4Þ

where the function gðτÞ is given by

gðτÞ ¼

8>><
>>:
�
sin−1

 ffiffiffiffiffiffiffi
1=τ

p ��
2; for τ ≥ 1;

− 1
4

	
log

�
1þ ffiffiffiffiffiffi

1−τ
p

1−
ffiffiffiffiffiffi
1−τ

p
�
− iπ



2

; for τ < 1:
ðB5Þ
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