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We elucidate a cancellation mechanism for the electric dipole moment of the electron in the general two
Higgs doublet model. The impressive improvement by the ACME Collaboration in 2018 suggests the
presence of a new electron Yukawa coupling that brings in exquisite cancellations among dangerous
diagrams, broadening the solution space for electroweak baryogenesis driven by an extra top Yukawa
coupling. The cancellation mechanism calls for the new Yukawa couplings to have hierarchical structures
that echo the observed pattern of the Standard Model Yukawa couplings.
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I. INTRODUCTION

It is remarkable that the Cabibbo-Kobayashi-Maskawa
(CKM) framework is able to explain all laboratory-based
measurements of charge-parity, or CP, violation (CPV).
But it is well known that the CPV phase arising from the
CKM matrix is by far insufficient in generating the
baryon asymmetry of the Universe (BAU); hence, some
new CPV phase(s) must exist to address this cosmologi-
cal problem. Thus, in many well-motivated models
beyond the Standard Model (SM), the existence of such
beyond CKM phases is often a common theme. Detecting
the effect of such new CPV phases would provide a
powerful probe of new energy thresholds above the
electroweak (EW) scale.
Owing to its high testability, EW baryogenesis

(EWBG) [1] is of primary importance and broad interest.
However, data from the Large Hadron Collider, such as
the measurement of Higgs boson properties, have dimin-
ished or even completely eliminated the EWBG param-
eter space in most models. Complementary to collider
probes, extreme low-energy searches such as the electric
dipole moment (EDM) of the electron, neutron, etc., have
put further stress on models. In particular, with the new

upper bound on the electron EDM (eEDM), jdej < 1.1 ×
10−29 e cm at 90% confidence level (C.L.), given by the
ACME Collaboration in 2018 (ACME18) [2], many
EWBG scenarios are now in jeopardy. Although calcu-
lations of CPV sources still have significant uncertainties,
hence the amount of BAU might go upward by more
refined analyses, the impact of the ACME18 bound is
nevertheless overwhelming. In other words, if EWBG is
the true mechanism behind BAU, the unprecedented
ACME18 result may indicate some undisclosed mecha-
nism that renders de small.
In a previous paper [3], we have explored the general two

Higgs doublet model (g2HDM), i.e., without the ad hoc
discrete Z2 symmetry, in which an additional 3 × 3Yukawa
coupling matrix for each type of charged fermion should be
CP and flavor violating. It was shown that the extra top
Yukawa couplings, naturally Oð1Þ in magnitude, can
provide sufficient CPV needed for BAU. The specific
scenario exemplified in Ref. [3] is now excluded by
ACME18, but one should explore more generic parameter
space to see how one can survive the ACME18 bound.
In this paper, we find a built-in cancellation mechanism

among the diagrams of Fig. 1 that can evade the ACME18
bound and support EWBG via top transport in g2HDM.
The new bound suggests the existence of a new electron
Yukawa coupling that, in conjunction with the extra top
Yukawa coupling, can render eEDM sufficiently small. The
cancellation mechanism works only when the hierarchical
structure of the new Yukawa couplings is close to those of
the SM Yukawa couplings and with a particular pattern of
CPV phases, which may reflect an underlying flavor
structure in g2HDM.
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II. g2HDM, EWBG, AND ThO EDM

The g2HDM extends SM by adding one extra Higgs
doublet [5], but without imposing a Z2 symmetry. With
flavor changing neutral Higgs couplings controlled by [6]
fermion mass and mixing hierarchies plus alignment [i.e.,
rather close proximity of hð125Þ to the SM Higgs boson],
the phenomenological consequences of the g2HDM is
much richer than usual 2HDMs with Z2 symmetries [5].
The Yukawa interactions in the mass eigenbasis are

−LY ¼ f̄yfϕRfϕþ f̄↑½Vρf↓R − ρf↑†VL�f↓Hþ þ H:c:;

ð1Þ

where f ¼ u, d, e; f↑ ¼ u, ν; f↓ ¼ d, e; L;R ¼
ð1 ∓ γ5Þ=2; ϕ ¼ h, H, A are the neutral scalars and Hþ
is the charged scalar; and V is the CKM matrix for quarks
and unit matrix for leptons. In Eq. (1), ρf are 3 × 3 Yukawa
matrices, which are new sources ofCP and flavor violation,
and yfϕ are related 3 × 3 matrices with elements

yfhij ¼
λfiffiffiffi
2

p δijsγ þ
ρfijffiffiffi
2

p cγ; ð2Þ

yfHij ¼
λfiffiffiffi
2

p δijcγ −
ρfijffiffiffi
2

p sγ; ð3Þ

y
f↑
Aij ¼ −i

ρ
f↑
ijffiffiffi
2

p ; y
f↓
Aij ¼ i

ρ
f↓
ijffiffiffi
2

p ; ð4Þ

where λfi ¼
ffiffiffi
2

p
mf

i =vðv¼246GeVÞ, sγ ¼ sin γ, cγ ¼ cos γ,
and alignment implies cos2 γ is quite small. We will
comment later on the further mixing between h, H, and
A induced by CPV phases of ρfij at one-loop level.
As far as EWBG is concerned, not all complex phases

are relevant. As found in Ref. [3], jρttj ≳ 0.01 with
moderate CPV phase can generate sufficient BAU, while
Oð1Þρtc with maximal phase can also play a role in case
jρttj≲ 0.01. Even though the ρtt mechanism is more
efficient, the parameter space is severely constrained by

ACME18. In the ρtc mechanism, on the other hand, in
exchange for less efficient baryogenesis, it does not induce
dangerous eEDMs by itself. The two mechanisms are
therefore complementary. In this work, we focus exclu-
sively on the ρtt case and parametrize ρij ¼ jρijjeiϕij .
The effective EDM for thorium monoxide (ThO) is given

by [7,8]

dThO ¼ de þ αThOCS; ð5Þ

where de comes from the dimension-5 operator
− i

2
deðēσμνγ5eÞFμν with Fμν the electromagnetic field

strength tensor, while the second term arises from nuclear
spin–independent electron-nucleon interaction described
by − GFffiffi

2
p CSðN̄NÞðēiγ5eÞ, where GF is the Fermi constant.

ACME18 gives [2] dThO ¼ ð4.3� 4.0Þ × 10−30 e cm, with
the stated bound on de obtained by assuming CS ¼ 0. With
the estimate [9] of αThO ¼ 1.5 × 10−20, as we will see
below, CS cannot be completely neglected in our case, so
we shall use dThO of ACME18 to explore the model.
In g2HDM, the dominant contributions to de come from

the Barr-Zee diagrams [4], as depicted in Fig. 1, which we
decompose into three pieces, depending on the particles
attached to the electron line. That is,

de ¼ dϕγe þ dϕZe þ dϕWe ; ð6Þ

where ϕ can be the neutral h, H, and A bosons or the Hþ
boson. CP is violated at the lower and/or upper vertices
of the ϕ line. It is known that dϕγe gives the dominant
contribution among the three pieces; hence, the cancella-
tion must occur in this sector. We note, however, that,
although dϕZe and dϕWe are subleading, they are not always
smaller than the ACME18 bound.
We further decompose each dϕVe in Eq. (6) into three

types of diagrams, consisting of fermions;W and Hþ loops
for dϕγe and dϕZe ; and f↑=f↓, W=ϕ, and H�=ϕ loops for

dϕWe . These are denoted as ðdϕVe Þi, i ¼ f;W;Hþ for
V ¼ γ, Z, and ðdϕWe Þi, i ¼ f↑=f↓;W=ϕ; H�=ϕ.
If ρtt is the only element that has nonzero CPV phase and

other ρ elements are zero, one would have CS ¼ 0, and de,
hence dThO, is solely induced by ðdϕγe Þt, which is the left
diagram of Fig. 2. We find

ðdϕγe Þt
e

¼ αems2γ
12

ffiffiffi
2

p
π3v

me

mt
ImρttΔg;

¼ −6.6 × 10−29
�
s2γ
0.2

��
Imρtt
−0.1

��
Δg
0.94

�
; ð7Þ

where e is the positron charge, αem ¼ e2=4π and Δg ¼
gðm2

t =m2
hÞ − gðm2

t =m2
HÞ, and the loop function g is defined

in Ref. [4].

FIG. 1. Two-loop Barr-Zee diagrams [4] contributing to the
electron EDM, where ϕ denotes neutral and charged Higgs
bosons and V denotes vector bosons γ, Z, and W.
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In the second line of Eq. (7), we take one of the
benchmark points considered in Ref. [3], i.e., cγ ¼ 0.1,
mh ¼ 125 GeV, and mH ¼ mA ¼ 500 GeV, which is now
excluded by ACME18. This could be circumvented by
making Imρtt and/or cγ small. For instance, jðdϕγe Þtj would
become smaller than the ACME18 bound if jImρttj≲ 0.01,
without changing the value of cγ . However, this would no
longer be the ρtt-driven EWBG scenario [3]. For smaller cγ,
the dependence of BAU on cγ has not been studied yet in
g2HDM. But since cγ → 0 corresponds to the SM-like
limit, the variation of the vacuum expectation value ratio
Δβ during electroweak phase transition would be sup-
pressed with decreasing cγ .
We conclude that the ρtt-driven EWBG case as stated

above [3] is unlikely to survive the ACME18 bound.

III. CANCELLATION MECHANISM
FOR ThO EDM

In Ref. [3], we set ρee ¼ 0 for simplicity, but there is
no symmetry or mechanism to make it zero exactly. Once
complex ρee comes in, ðdϕγe ÞW as shown in the right
diagram of Fig. 2 can be comparable or even bigger than
ðdϕγe Þt, which is analogous to h decay to a diphoton.
To elucidate our cancellation mechanism, we decompose

ðdϕγe Þi into two parts

ðdϕγe Þi ≡ ðdϕγe Þmix
i þ ðdϕγe Þextri ; ð8Þ

where the first term arises from the mixing between SM
and extra Yukawa couplings, while the second term is
purely from extra Yukawa couplings. For the top-loop
contribution, one has

ðdϕγe Þmix
t

e
¼ αems2γ

12
ffiffiffi
2

p
π3v

�
ImρeeΔf þme

mt
ImρttΔg

�
; ð9Þ

ðdϕγe Þextrt

e
≃

αem
12π3mt

ImðρeeρttÞ½fðτtAÞ þ gðτtAÞ�; ð10Þ

where τij ¼ m2
i =m

2
j , ΔX ¼ XðτthÞ − XðτtHÞ, with X ¼ f, g

defined in Refs. [4] being monotonically increasing loop

functions, so ΔX > 0 for mh < mH. For ðdHγ
e Þextrt , we take

the approximation of cγ ≪ 1 and mH ≃mA in order to see
the structure of the cancellation mechanism more clearly. In
our numerical analysis, however, we do not take any
approximations for ðdϕγe Þextrt and confirm that this approxi-
mation does not spoil the essential point.
For the W-loop contribution, on the other hand, there is

no extra Yukawa coupling in the ϕWW vertex, so the
ðdϕγe ÞW is solely given by ðdϕγe Þmix

W , which is

ðdϕγe Þmix
W

e
¼ −

αems2γ
64

ffiffiffi
2

p
π3v

ImρeeΔJ
γ
W; ð11Þ

where ΔJ γ
W ¼ J γ

WðmhÞ − J γ
WðmHÞ, with J γ

W defined in
Ref. [10], which is a monotonically decreasing function;
hence, ΔJ γ

W > 0 for mh < mH.
We consider the cancellation ðdϕγe Þmix

t þ ðdϕγe Þmix
W ¼ 0,

under the condition that ðdϕγe Þextrt ¼ 0. The case of having
ðdϕγe Þextrt ≠ 0 is discussed later. From Eqs. (9)–(11), these
two conditions lead, respectively, to

Imρee
Imρtt

¼ c ×
λe
λt
;

Reρee
Reρtt

¼ −
Imρee
Imρtt

; ð12Þ

where c ¼ ð16=3ÞΔg=ðΔJ γ
W − ð16=3ÞΔfÞ. For instance,

c ≃ 0.71 for mh ¼ 125 GeV and mH ¼ 500 GeV.
Combining the two conditions in Eq. (12), one gets
jρee=ρttj ¼ c × λe=λt, with a correlated phase between ρtt
and ρee. Note that c is not sensitive to the exotic Higgs
spectrum that is consistent with first-order electroweak
phase transition and hence does not change drastically in
the parameter range for EWBG.
With the above cancellation, dϕZe , dϕWe , and CS become

potentially important. We estimate [11] CS as

CS ¼ −2v2
�
6.3ðCue þ CdeÞ þ Cse

41 MeV
ms

þ Cce
79 MeV

mc
þ 0.062

�
Cbe

mb
þ Cte

mt

��
; ð13Þ

where Cqe is defined by LCPV
4f ¼ P

q Cqeðq̄qÞðēiγ5eÞ,
which emerges after integrating out all neutral Higgs
bosons. The quark mass suppressions are canceled by
corresponding Yukawa couplings in Cqe, so all quark
flavors are generically relevant. Note that for sγ ≃ 1 and
mH ≃mA, Cqe for u- and d-type quarks are cast in the form
of Cue ≃ ImðρeeρuuÞ=ð2m2

AÞ and Cde ≃ Imðρeeρ�ddÞ=ð2m2
AÞ,

respectively, which implies that Cqe ≃ 0 if ðdϕγe Þextrq ≃ 0.
Before turning to numerical results, we comment on

CPV effects at one-loop level, where h and H can mix
with A through Imρtt and Imρee and hence are no longer
CP eigenstates. The mass eigenstates are obtained by
ðH1; H2; H3ÞT ¼ Oðh;H; AÞT , where O is an orthogonal

FIG. 2. Two dominant diagrams in which Imρee enters.
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matrix that diagonalizes the Higgs mass squared matrix
M2

N , i.e.,O
TM2

NO ¼ diagðm2
H1
; m2

H2
; m2

H3
Þ. The dominant

contributions to the CP-mixing entries are ðM2
NÞ13 ¼

−3λtImρttm2
t =4π2 and ðM2

NÞ23 ¼ −3ReρttImρttm2
t =4π2.

For ϕtt ¼ −90°, one finds that θ13 ≃ tan−1½2ðM2
NÞ13=

ðm2
h −m2

AÞ�=2 ≃ 9.6 × 10−3 for jρttj ¼ 1 and mA ¼
500 GeV, and the effects are small enough to be ignored.
For ϕtt ≠ −90°, on the other hand, despite ðM2

NÞ23 being
loop induced, the 2–3 mixing angle would be θ23 ≃
tan−1½2ðM2

NÞ23=ðm2
H −m2

AÞ�=2 ≃ 45° if mH ≃mA, and H
and A cannot be identified asCP eigenstates at all. But even
for this case, de would not be much affected because of
the orthogonality of the matrixO. For example, we estimate
the relevant part for ðdϕγe Þt as

P
iO2iO3ifðm2

t =m2
Hi
Þ≃

O21O31fðm2
t =m2

H1
ÞþðO22O32þO23O33Þfðm2

t =m2
H2
Þ≪ 1,

where mH2
≃mH3

and
P

i O2iO3i ¼ 0 have been used. We
conclude that the one-loop CPV effects are rather minor.

IV. NUMERICAL RESULTS

We choose ρtt to be consistent with successful EWBG
(for details, see Ref. [3]) and parametrize the other diagonal
ρff elements as Reρff ¼ afðλf=λtÞReρtt and Imρff ¼
bfðλf=λtÞImρtt, where af and bf are real parameters such
that jafj ¼ jbfj≡ rf. From the argument given above, the
cancellation mechanism would be at work if ae < 0 and
be > 0. In what follows, we consider a flavor-blind scaling
of af ¼ −r and bf ¼ r.
To see the cancellation behavior, we first investigate the

magnitude of dThO. In Fig. 3 (left), we plot jdThOj (black,

solid) and its compositions jdej (red, solid), jαThOCSj (blue,
solid), jdϕγe j (red, dashed), jdϕZe j (red, dotted), jdϕWe j (red,
dot-dashed) as functions of r, where we set Reρtt ¼
Imρtt ¼ −0.1 as an illustrative point of successful
EWBG, as we explicitly show below. The ACME18 [2]
and previous [12] (ACME14) bounds are shown as the gray
and brown shaded regions as marked. The absence of ρee
corresponds to the case of r ¼ 0, with de ≃ ðdϕγe Þt esti-
mated in Eq. (7). This specific point [3] is excluded by
ACME18. The situation changes considerably, however,
for r ≠ 0.
As can be seen, strong cancellation occurs in dϕγe around

r ≃ 0.75. This is owing to the presence of ðdϕγe ÞW , and dϕWe
becomes dominant, followed by dϕZe , shifting the cancella-
tion point in de upward. However, the dip in dThO moves
downward due to the CS contribution. In any case, dThO can
be suppressed, characteristically, by 2 orders of magnitude
below the ACME18 bound owing to the cancellation
mechanism.1

We display, in Fig. 3 (right), the 2σ allowed region of
dThO in the (jρttj, ϕtt) plane, taking r ¼ 1.0 (blue, solid),
0.9 (red, dashed), 0.8 (magenta, dotted), and 0.75 (navy
blue, dot-dashed), respectively. The region to the left of
these contours is allowed, while to the right of the black
contours corresponds to YB > Yobs

B ¼ 8.59 × 10−11 [13] for
EWBG [3]. The gray shaded region for larger jρttj values is

FIG. 3. (Left) jdThOj and its details as functions of r, where Reρff ¼ −rλfReρtt=λt and Imρff ¼ rλfImρtt=λt for charged fermion f.
We have taken Reρtt ¼ Imρtt ¼ −0.1, as well as cγ ¼ 0.1 and mH ¼ mA ¼ mH� ¼ 500 GeV. The bounds from ACME are overlaid.
(Right) The 2σ-allowed region of dThO with r ¼ 1.0 (blue, solid), 0.9 (red, dashed), 0.8 (magenta, dotted), and 0.75 (navy blue, dot-
dashed). The region to the right of the black solid contour, YB=Yobs

B ¼ 1, is allowed, while the gray shaded region is excluded by Bs-B̄s
mixing. Other input parameters are the same as in the left plot.

1Even though we could have dThO ≃ 0 by finely tuning r, the
precise value of r would not be meaningful since it is subject to
high-order corrections that are missing here.
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excluded by Bs-B̄s mixing [14]. Note that in Ref. [3] we
considered ϕtt < 0 for BAU positive. However, one can
have ϕtt > 0 by flipping the sign of Δβ. Since the central
value of dThO is positive, the allowed region is asymmetric
in ϕtt. For r ¼ 1.0 and 0.9, only ϕtt < 0 is consistent with
ρtt-driven EWBG, but ϕtt > 0 becomes possible as r
approaches the cancellation point at r ∼ 0.75, enlarging
the room for ρtt-driven EWBG.
Let us comment on the case in which ðdϕγe Þextrt ≠ 0.

Taking Reρee ≃ 0 for illustration, we find

Imρee
Imρtt

≃
ð16=3ÞΔg

ΔJ γ
W − ð16=3ÞΔf þ ϵ

λe
λt

≡ c0 ×
λe
λt
; ð14Þ

where s2γλtϵ ¼ −ð16=3ÞReρtt½fðτtAÞ þ gðτtAÞ�. Thus, the
coefficient c in Eq. (12) can be altered by ϵ, where jc0j can
become much larger than 1 when ϵ makes the denominator
small. But then dThO gets too large due to sizable Imρee and
is hence inconsistent with ACME18. We find jc0j ≳ 0.3 for
experimentally allowed Reρtt, so the cancellation mecha-
nism still suggests that the ρ matrices follow the SM
Yukawa coupling hierarchy. It is also worth mentioning
that, despite the small parameter space, further cancellation
in dThO can occur if we take flavor-dependent af and bf
such that jafj, jbfj < 1. In this case, ρbb could play an
elevated role.
We remark that rephasing-invariant CPV quantities [15]

involving two Yukawa couplings are proportional toP
i λiImρii, with i the generation index. Therefore, any

relationships among Imρff should be associated with the
SM Yukawa couplings (the most significant being λtImρtt
for EWBG), which gives an intuitive understanding of our
cancellation mechanism.
Some comparisons with previous work is in order.

Reference [16] discusses EDM cancellations in 2HDMs
with softly broken Z2. Since only one physical CPV phase
exists in such models, cancellation is caused by a specific
choice of tan β rather than a new electron Yukawa coupling.

Reference [17] does consider a cancellation mechanism in
2HDM without Z2, but the analysis assumes Reρff ¼ 0,
and cancellations with Reρff ≠ 0 are not studied. Further-
more, the extra Higgs bosons are taken as decoupled, and
hence there is no EWBG connection.
Before closing, we note that the ACME14 bound was

confirmed by an independent experiment using the polar
molecule 180Hf19Fþ [18]. Given the significance of the
ACME18 result, it should be similarly cross-checked,
preferably using different methods. It is quite interesting
that, while the largest diagonal extra Yukawa coupling, ρtt,
is responsible for BAU, it works in concert with the
smallest diagonal extra Yukawa coupling, ρee, to generate
an eEDM that might be revealed soon by very-low-energy,
ultraprecision probes. We look forward to updates on
electron EDM that may further probe the parameter space
of ρtt-driven EWBG.

V. CONCLUSION

In the scenario in which an extra Yukawa coupling ρtt
drives EWBG, we demonstrate that the ACME18 result
suggests the presence of a new electron Yukawa coupling,
bringing in an exquisite cancellation mechanism for eEDM
measured in ThO, which broadens the parameter space.
This cancellation can be at work only when the hierarchical
structure of the new Yukawa couplings is similar to those of
the SM Yukawa couplings, which may reflect some under-
lying flavor structure in the general 2HDM. Alternatively,
EWBG may be due to the weaker mechanism from flavor
changing ρtc coupling that evades the eEDM bound.
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