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We perform the first joint analysis of baryogenesis from initial Higgs charges (also called Higgso-
genesis) and electric dipole moments (EDMs) in a model with two Higgs doublets, a complex scalar, and a
Majorana fermion. In our proposed scenario, baryogenesis happens in three steps: (1) The decay of the
scalar produces an asymmetry between the two Higgs doublets which is partly transferred to fermions via
Standard Model processes. (2) This asymmetry is converted into a B — L charge via interactions mediated
by the Majorana fermion. (3) The weak sphaleron processes partially convert the resulting B — L charge
into a B asymmetry. We perform a numerical analysis of baryogenesis and the EDM contributions and find
that, due to resonant enhancement, baryogenesis is possible with singlet masses as low as 10° GeV. We
also find that for some parameters, the model can give large contributions to the electron and neutron EDM
while also producing baryogenesis. The present scenario offers a new perspective on interpreting
observational bounds in terms of cosmology: Because it relies on out-of-equilibrium decays, the questions
of baryogenesis and CP violation in the Higgs sector may be linked with EDM signals without the

additional assumption of a first order electroweak phase transition.
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I. INTRODUCTION

As first pointed out by Landau [1], permanent electric
dipole moments (EDMs) of particles are forbidden in
CP-conserving theories, making EDMs good probes of CP
violation in Nature. While it is now known that CP is not
conserved, the only confirmed source of CP violation in
the Standard Model (SM) arises from the complex phase in the
Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix,
whose contribution to electron and neutron EDMs are several
orders of magnitude below the current experimental sensitiv-
ities [2-4]. Any observation of comparatively large EDMs
would therefore be a clear indication of physics beyond the
Standard Model.

There has been significant interest in relating baryo-
genesis to electric dipole moment searches (EDMs),
particularly in the context of electroweak baryogenesis,
where the same CP-violating phases necessary for baryo-
genesis also give large contributions to the EDMs of the
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electron and the neutron [5-8]. The first proposals for elec-
troweak baryogenesis were in the contexts of the minimally
supersymmetric standard model (MSSM) [9-12] and of
two-Higgs doublet models (2HDM) [13—15], but both
scenarios are now strongly constrained by LHC data and
EDM searches [16-18]. It was found, however, that adding
a scalar singlet can open up the viable parameter space
while evading experimental constraints [19-21]. In addi-
tion to this, there have been proposals relating leptogenesis
to EDMs [22-28], where the CP-violating phases of the
Yukawa couplings needed for leptogenesis also give con-
tributions to the EDMs.

The scenario we propose combines features from both
electroweak baryogenesis and leptogenesis. We consider a
model which extends the Standard Model by an additional
Higgs doublet, a complex scalar singlet, and a Majorana
fermion. While electroweak baryogenesis was considered
for similar models in Refs. [29-32], we propose here a
different mechanism. Baryogenesis in our scenario pro-
ceeds in three steps: First, the asymmetric decay of the
complex singlet into the Higgs doublets produces a charge
which is approximately conserved in the early Universe. In
this process, the singlet plays a role in the production of the
initial CP asymmetry which is similar to the one of the
right-handed neutrino in thermal leptogenesis at the stage
of out-of-equilibrium decays. Second, this charge is con-
verted into a B — L charge once the interactions with the
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Majorana fermion equilibrate. (For illustration of these first
two steps, cf., Fig. 2.) Third, weak sphaleron processes
partly convert this B — L charge into a B charge, as in
leptogenesis. The general idea that equilibration mediated
by Standard Model singlet fermions could convert an
initially B — L symmetric CP asymmetry into a B —L
asymmetry has been put forward in Refs. [33-41].

The mechanism by which a CP asymmetry is first
produced in the Higgs sector and then transferred to the
baryons was proposed in Refs. [42,43] and dubbed
“Higgsogenesis.” In the scenario considered in Ref. [43],
an asymmetry between the charges of the two Higgs fields
is directly converted into a B asymmetry via SM processes,
without the need for an intermediate B — L charge. As the
authors point out, however, this is only possible in type-I
and type-X 2HDMs, but not in type-II or type-Y, because at
low temperatures the quark Yukawa couplings would
equilibrate the two doublets and therefore wash out any
charge asymmetry. In addition to this, there are strong
constraints on the flavor-changing scalar couplings of the
doublets in order for scalar interactions to be out-of-
equilibrium by the time of the electroweak phase transi-
tion. In our case, we assume that the transfer of the
asymmetry to a B — L charge happens before the up-quark
Yukawa interactions, and therefore the Higgs charges,

|

fully equilibrate, so that the mechanism also works for a
type-II 2HDM. After this point, the B — L charge is
frozen in and insensitive to the remaining interactions
with the bath. Because of the relatively high tempera-
tures at which this occurs, the constraints on the doublet
potential for our mechanism are considerably weaker than
in Ref. [43].

The outline of this article is as follows: In Sec. II, we
present and discuss some features of the model we
consider. In Sec. IIl we introduce our proposed baryo-
genesis mechanism, including a discussion of the equili-
brated spectator processes at different temperatures, and
present the rates of equilibration and for the CP-violating
source derived in the closed-time-path (CTP) formalism
with a careful treatment of the resonant enhancement
of the source. In Sec. IV, we briefly discuss the electron
and neutron EDM contributions from our model and show
numerical results for randomly sampled parameters in
Sec. V. We finish with concluding remarks in Sec. VI.

II. THE MODEL

In this work, we consider a two-Higgs-doublet model
augmented by a complex scalar singlet and a Majorana
fermion. The most general scalar sector is of the form

Ve =3 (pih1) — 13 (i) — (o (h]h) + Hoc)
F (1) + a(B3ha)? + A3(d1h)) (Biha) + Aa(dih) (Bieh)
+ (A5(d2)* + As(B] 1) (D) + A7(B3hs) (h ) + Hoc.), (1)

V' = —u(5°S) -

(WG (S*) 4+ H.c.) + 25(S7S)* + (Ag(S*S)(8%) + A10(S*) + Hoc.)

+ (k1 (8) + K2 (S?) + x3(S)(8*S) + H.c.), (2)

VA = 211 (101 (S™S) + (A1a(hh1)(S?) + ka(B]h1)(S) + Hoc)
+ A3 (@32) (S7S) + (hia(h]h1)(S?) + K5(h3h2) (S) + Hoc)
+ (Ais(B]2)(S°S) + Ais(h1h2) (%) + A1 (] h2) (S*2) + Hoc.)
+ (k6(]#2)(S) + K7 (] 2) (S*) + H.c.). (3)

In addition to this, the Yukawa sector is given by

Lyukawa = YaOriuig + yiOrdidr + yiL dieg + yiL, ;N +H.c., (4)

with ¢, = ioo¢; and N a Majorana fermion.

In principle, one could also include additional Majorana
fermions, for example in order to explain the neutrino
masses. For simplicity, however, we assume that only one
of the Majorana fermions equilibrates in the relevant
temperature ranges, and do not expect our conclusions
to change substantially with the inclusion of additional
Majorana fermions provided that they are decoupled from

|

the thermal bath during the production of the CP asym-
metry through the decay of the complex singlet. While in a
scenario with multiple Majorana fermions, leptogenesis
could occur subsequently without involving the singlet, for
Majorana masses below the Davidson-Ibarra bound [44], as
we consider in the present work, this would in general
require quasidegenerate Majorana fermions, which we do
not assume (see Ref. [45] for a recent review).
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In general, the couplings of the two Higgs doublets to the
Standard Model fermions allow for flavor-changing neutral
currents (FCNCs), which are heavily constrained by experi-
ments. One common way of avoiding this is by imposing a
Z, symmetry for one of the Higgs fields. However, this
excludes the possibility of CP violation in the Higgs sector,
which might be recovered by a spontaneous or soft
breaking of the Z, symmetry, e.g., by the u;, mixing
term. Alternatively, one can assume that the Yukawa
couplings of the two Higgs doublets are aligned [30,46],
so that the Yukawa matrices y’ for different Higgs doublets
are proportional to each other. While the universal Yukawa
alignment might seem arbitrary in the absence of an
underlying symmetry, it in fact arises in models of
dynamical electroweak symmetry breaking [30,47-54].

In our case, we assume that the only source of CP
violation in the scalar potential is due to the interactions of
the doublets with the singlet. Similar to the type-2 2HDM,
we impose a Z, symmetry with respect to the trans-
formations

by = — s, dp — —dg, er > —eg.  (5)
on the Higgs potential and on the Yukawa sector, so that
A¢ = 47 = 0, and up-type particles only couple to ¢;, while
down-type ones couple to ¢,. This symmetry is softly
broken by the y;, mass terms and by the couplings of the
doublets with the singlet. In our case, however, we addi-
tionally assume a large mass hierarchy between the doublet
and the singlet sector, so that the Z, breaking terms induced
|

G+
H = , . H,=
! <%(v+¢?+zG0)> 2 (

by the singlet interactions are suppressed. While one could
consider the case A5 =y, =0, so that the ¢; and ¢,
charges are separately conserved by the doublet potential,
this would correspond to an additional global U(1)
symmetry, which, when spontaneously broken, would give
rise to a massless Goldstone boson.

Of particular importance for the baryogenesis mecha-
nism we propose as well as for the EDM contributions are
the cubic singlet-doublet couplings x,—«5, while the singlet
self-interactions Ag—4;y and the quartic doublet-singlet
couplings 4;,—4,7 are not relevant for the leading-order
results and are therefore not examined in detail.

After electroweak symmetry breaking (EWSB), ¢; and
¢, acquire vacuum expectation values v, v,, and it is
useful to rotate the doublet fields as

<¢1> < cos f3 —sinﬂe"f)<Hl> ©)
b sin Be’® cos f3 H,)’

with tan f = v, /v, so that the vacuum expectation values
are entirely contained in H,. In addition to this, the
complex singlet S contains a CP-even and an odd compo-
nent, which mix with the neutral components of the two
Higgs doublets. In the broken phase, we obtain one charged
Higgs H* as well as two CP-even and one CP-odd scalar.
Following the notation of Refs. [55,56], extended to the
case with an additional complex singlet, we obtain three
CP-even (¢f, ) and two CP-odd (a{,) physical neutral
states, as well as one charged state (H™):

1
S =—= (8 + id3). (7)

H+
stva) S

where Gt and G are the Goldstone bosons which are “eaten” by the W and Z bosons. In this rotated basis, the Lagrangian
has the same structure as before with the replacements ¢ — H, u — Y, 1 — Z, k = K. The expressions for the parameters
in the rotated basis in terms of the original parameters are listed in Appendix B. We find

1
m, =Y, —|—§Z31}2, (8)

while the squared mass matrix M? in the (¢, ¢9, ¥, 93, a)) basis is given by

’Z,  v*Re(Zg) —v*Im(Zg) V2vRe(K 4) —V2vIm(K,)
Y, +5Z8s —%Im(Zs) Z5Re(K¢ + K7) —45Im(Ke — K7)
M2 = Y, + 275 —45Im(K + K7) —25Re(Kq — K7) ,
Y, +Re(Y,1) +5 (Z; +Re(Z),)) sIm(2Y + 0°Zyy)
Y, —Re(Yy) +%2(Z11 —Re(Z),))

with Z§t45 = Z3 + Z4 + RCZS.
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This can be diagonalized by an orthogonal matrix R
whose elements we parametrize as

g Re(qiz) Im(q,) Re(giz) Im(q3)
g1 Re(gn) Im(gy) Re(gy) Im(gos)
R= g3 Re(qn) Im(gx) Re(gs) Im(gs) |,
qs1 Re(qg) Im(qy) Re(qys) Im(gus)
gs1 Re(gs;) Im(gs;) Re(gss) Im(gss)
(10)
which obey the orthonormality conditions
5 13
2 = 2=, 11
;CM 2;|¢1k2/3\ ( )

5 5 5
Z 61%2/3 = Z 9293 = Z dudias = 0. (12)
k=1 k=1 k=1

Denoting the mass eigenstates in the broken phase in
order of ascending masses by /;, with the respective masses
m;, the Yukawa Lagrangian in this new basis is given by

mg T ! .
Ly = —szhkf[% - 2T§ cyRe(qpo) +ic Im(qua)yslf
k

=, [ M C g meC¢
—ﬂ[fﬁf’( Elp = PR)Vf/ff+c.c.],
(13)

where T§ is the third component of the weak isospin and
Vep is the CKM matrix. Due to our choice of the Z,
symmetry transformations, the coupling coefficients cor-
respond to a type-II 2HDM and are given by

cy = cp = —tanf, (14a)

¢, = —cotp. (14b)
Because we assume a large mass hierarchy between the
doublet and singlet sectors, we can approximate them as
decoupled from one another. In addition to this, because
of the CP symmetry of the doublet potential, we can make
the approximate identifications h; = h, h, = H, with h
the Standard Model Higgs boson and H the additional
CP-even scalar, as well as h; = A, the CP-odd scalar. After
rotating to the mass eigenbasis of the doublets via

(h) B <cos6’ —sin9) <(p1>
H) \sinf cos6 )’
the gauge and Yukawa couplings of the lightest scalar &
have a similar form to the SM [57]

(15)

2

2 2
L:h() = KV&hZ”Z” + Ky mW
v

W — " 7
. AW, WH zf:Kf - hff.

(16)

with f denoting the fermionic fields of the Standard
Model. Note that, in our notation, the angle @ corresponds
to —(f—a)—x/2 in the standard 2HDM terminology
[58,59], with the additional field redefinition ¢, — —@,.
In the type-II 2HDM, the coefficients « are given by

Ky = cos 6,
K, = cos@ + cot 3 sin6,

K4, = oS + tan ff sin6. (17)
In the SM, the coefficients k are all equal to one, which
agrees with LHC data [60—62], and in order to recover this,
0 must be close to 0 [63]. In this so-called alignment limit
0 — 0, we can express the parameters of the Higgs
potential as [59,64]

, tanp(u3, — m3 sin fcos f)

2 =mi — 18
VAL cos’f3 - (18a)
2 2
g — 2 F2 T M sin #cos (18b)
2 h tan fsin’f3 ’
2
H1o
’Uzﬂg :m%—|—2m%{+ —m%{—m, (18C)
2 2 2 i)
= —2m?. +— , 18d
vty = my = 2my sin cos f3 (184)
12
Vs = —mj +—_12 (18e)

sinficosf’

As mentioned above, setting y;, = 45 = 0 would give the
doublet potential an additional U(1) symmetry, with A
being the massless Goldstone boson associated to the
breaking of this symmetry, resulting in mf‘ =0 from
Eq. (18e).

Vacuum stability is further assured if [64]

U3, = m3; sin fcos f, mj, +m2,. —mpy > 0,

mi +m3 —my >0, (19)
which, while not a strictly necessary condition, we choose
to enforce. With this choice, we see from Eq. (18e) that A5 is
responsible for breaking the mass degeneracy between the
H and A scalars. Since, however, current experimental data
favors degenerate heavy scalars [63], we can safely set it
to 0.
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III. BARYOGENESIS

In this model, we propose a mechanism where baryo-
genesis occurs in three steps. In a first phase, the out-of-
equilibrium decays of the singlet S produces and asymmetry
between ¢; and ¢,, which gets transferred into the different
sectors by SM interactions. In a second phase, once the
interactions with the Majorana fermion N equilibrate, they
convert this asymmetry into a B — L charge. Finally, the
B — L charge is partly converted into a B charge by the weak
sphaleron processes until the electroweak phase transition
happens. After this point, the sphaleron processes are frozen
out, and the resulting B charge is conserved.

A. Equilibrium conditions

As the early Universe cools, different SM processes
equilibrate at different temperatures. While these processes,
when only partially equilibrated, can significantly alter the
dynamics of leptogenesis [38,40,65], we consider the
simplified case where they are either fully decoupled or
fully equilibrated. In case partially equilibrated spectators
are included, we expect them to protect part of the
asymmetry from washout, thus leading to larger final
asymmetries. The results of Ref. [38] suggest that this
effect should be of order one.

For every fully equilibrated process, the sum of the
chemical potentials involved vanishes. The relevant SM
processes and the equalities enforced are: weak sphaleron

Z(ﬂLf +3pg,) =0, (20)
f
strong sphaleron
> Qug, = pu, = 1a,) =0, (21)
f
lepton Yukawa
—He, +Hr, —Hg, =0, (22)

and quark Yukawa

where the f, f indices for the Yukawa processes label the
flavors of the particles that couple to the Higgs doublets via
y/#'. We can work in a basis where the Yukawa matrices of
leptons and up-type quarks y,,y, are diagonal, while
down-type quark Yukawa matrices cannot be simultane-
ously diagonalized with the up-type ones, giving rise to the
Cabbibo-Kobayashi-Maskawa quark mixing matrix.

In addition to this, we can assign a chemical potential to
every conserved charge C

He = Znicgiﬂh (25)

with the sum i running over the low-energy degrees of
freedom. Here, n¢ are the charge assignments and g; the
multiplicities of the different species.

We define a basis of particle species

(e’/’t9T7leL29L3’ u,c,t, d,S,b, le QZ’ Q3’ ¢l’¢2)7 (26)

where the multiplicities are
(9))=1(1,1,1,2,2,2,3,3,3,3,3,3,6,6,6,4,4). (27)

The multiplicities contain isospin and color degrees of
freedom, and the factor 2 from Bose statistics for bosons.
The charge asymmetry of each particle species i can be
approximated to first order in the chemical potentials as

TZ
qi = gi/"i?a (28)

while for the conserved charges we define

TZ
qdc = Mc g 5 (29)

since the multiplicities are already included in the definition
of pc. We further define the charge yields as

Y, =—, (30)

with s the entropy density.

~Hu, T Ho, T Hy, = 0, (23) There are four charges exactly conserved by the Standard
Model: weak hypercharge Y and A; = B/3 —L;. The

—Ha, T Ho, — Hy, =0, (24) corresponding charge vectors are

|

n' =(-1,-1,-1,-1/2,-1/2,-1/2,2/3,2/3,2/3,-1/3,-1/3,-1/3,1/6,1/6,1/6,1/2,1/2), (31)
nd =(-1,0,0,-1,0,0,1/9,1/9,1/9,1/9,1/9,1/9,1/9,1/9,1/9,0,0), (32)
n® =(0,-1,0,0,-1,0,1/9,1/9.1/9.1/9,1/9.1/9.1/9.1/9.1/9.0.0), (33)
n% =(0,0,-1,0,0,-1,1/9,1/9,1/9,1/9,1/9,1/9,1/9,1/9,1/9,0,0). (34)

075031-5



BJORN GARBRECHT and EDWARD WANG

PHYS. REV. D 114, 075031 (2026)

In addition to this, it is useful to define an additional charge to capture the CP asymmetry produced from the singlet decays.
In our scenario, the CP asymmetry is first produced as an asymmetry between ¢, and ¢,. While the charge difference
¢1 — ¢, itself is not conserved by SM processes, we can define the charge

nC = (0,0,0,1,1,1,14/3,-4/3,-4/3,-4/3,-4/3,-4/3,-1/3,-1/3,-1/3, -1, 1), (35)

which is conserved except for yl', A5 and singlet inter-
actions. The choice of this charge is not unique: adding any
linear combination of the other conserved charges would
also give a conserved charge.

While up-quark Yukawa interactions only equilibrate at
low temperatures, processes mediated by A5 could equili-
brate this charge already at higher temperatures. Since,
however, as we have discussed in Sec. II, in our choice of
parameters A5 is proportional to the squared mass difference
between A and H, and current experimental data shows a
strong preference for degenerate scalars, we set A5 to 0 and
neglect this effect. As for the singlet interactions, in spite of
their suppression by 1/my, it is possible that they equili-
brate before the Majorana fermion does, if the cubic
couplings are large enough. We therefore compute their
equilibration rate explicitly and include them as a washout
process in our fluid equations in Sec. III C.

At any given temperature, the conserved charges and
equilibrated interactions impose a set of linear equations on
the chemical potentials

Z"l]‘ﬂi =0,

Z”icgiﬂi = Hc- (36)

We can solve this set for y; assuming fixed conserved
charges uc and denote by the matrices S and C the
coefficients of the linear combinations

Hi, + Hy, = Z Srekc — Zcff’/lAfu (37)
CZA, 7

which are computed explicitly for different temperature
regimes below. When N fully equilibrates, p; ;T g, = 0
because N is a Majorana fermion and it is not possible to

assign a conserved chemical potential to it. We can then
write

Ha, = Z Z Cfl-/Sf’cMo (38)

CEa 7

which describes the transfer of asymmetry from the other
conserved charges to A;. After the N interactions freeze-
out, these charges are exactly conserved, and contain the
B — L asymmetry we observe today.

A few remarks regarding the formalism are in order.
First, it is assumed that the right-handed neutrino couples to

|
all three lepton flavors and that its interactions are strong
enough to equilibrate all of them. Second, we assume the
production of the charge uc, freezes out before the N
interactions come into play, so that one mechanism does
not interfere with the other. We also only consider fully
equilibrated or nonequilibrated processes and neglect
partially equilibrated spectators for simplicity, even though
partially equilibrated spectators can significantly impact the
dynamics of the system [38,40]. Finally, it is necessary to
specify the basis of lepton flavors one is working in,
depending on the temperature range. At high temperatures,
all lepton Yukawa interactions are out of equilibrium, so
that flavor effects are irrelevant. We can then work in the
basis (||, L, L,), where || is the vector in flavor space
coupling to N, while L;, 1, are the two directions
perpendicular to it. After tau Yukawa interactions come
into play, it is necessary to distinguish it from the other two

.7, L), where 7). =

¢, normalized to unity, and L is the direction

flavors. We then work in the basis (
s
perpendicular to both vectors. Finally, after all lepton
Yukawa interactions have equilibrated, we work in the
usual (e, p,7) basis.

The next thing to take into account are the different
spectator processes that equilibrate over a range of temper-
atures. In the present analysis, we assume that the Majorana
neutrino N equilibrates before its interactions freeze out at
temperatures slightly below its mass. Depending on this
freeze-out temperature, following Ref. [38], we identify the
following temperature ranges:

(@) T > 10" GeV: all SM interactions are decoupled. We
have

B B _ﬂq
Hay = HB-L = g "

(39)

(b) 10" GeV < T < 10" GeV: only top-quark Yukawa
interaction is equilibrated. We find again

Ke,
Hay = HB-L = — ; . (40)

(c) 1012 GeV < T < 10" GeV: strong sphalerons are
also equilibrated. We find

7 (41)

HAp = HB-L 6O”C"

(d) 10° GeV < T < 10''"12 GeV:  weak  sphaleron,
tau, bottom, and charm Yukawa interactions are

075031-6
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equilibrated. In the (

. 7) basis, we find

G 1 1281
29117 \ 636 )’

1 15101 1224
C=— , (42)
20117 \ 1224 11859
from which we obtain
257
HB-L = —mﬂq- (43)

(e) 10° GeV < T < 10° GeV: all interactions except for
first generation Yukawa interactions are equilibrated.
In the (e, u, 7) basis, we have

| 51
= o | )
36
. 18561 1416 1416
C:m 1416 14456 2416 |, (44)
1416 2416 14456
from which we obtain
60
HB-L = —mﬂcﬂ- (45)

Below 10° GeV, up-quark Yukawa interactions equili-
brate, destroying the C,; charge and the associated
asymmetry.

Following the analysis of [66] for an arbitrary number of
Higgs doublets, we find that the conversion coefficient
between B — L and B charges during an electroweak
crossover is given by

ng 32+4N,

=704 Yy,
5L 98 + 13N,

g = (46)

ny

with Ny = 2. We compare this to the combined CMB and
BBN value for the baryon-to-photon ratio from Ref. [67]

ng = 6.040 +0.118 x 10710, (47)

B. Kinetic equations

Before EWSB, it is useful to decompose the complex
scalar into its CP-even and odd components as before

§ = —= (¢ + ia). (48)

Sil-

We can rotate the fields to the mass basis via

S cosfg —sinf 9
()= G v J(2):
S, sinfg  cosfg al

with
tan Oy = _II:;;ZS’ (50)
and the masses
m%]/z = ps F 205 (51)

The generation of the initial CP asymmetry can be
described by a set of momentum-averaged kinetic equa-
tions of the form

d

d_ZYSa = _CSa(YSa - Yg‘(l)’

(52a)

d o
2 Yo —Ye) = D Su(Ysa = Y§) = W(Yy = Y,),
(52b)

where we use z=mg /T as a dimensionless time
variable and a labels the two real singlet fields. In the
above equation, Cg, are the equilibration rates of the
scalar singlets, S, are the asymmetry source terms, and
W is the washout term. In addition to these rates, also
Standard Model processes change the ¢; — ¢, charge,
while only C, is conserved. We therefore need to relate
the conserved charge C; to ¢p; — ¢h,. This again depends
on the other interactions in the thermal bath, leading to a
relation

Hp, — Hy, = KHC,- (53)

Using the same framework described above, we find the
following regimes:

T > 10 GeV:
1
Ko = Mg, = = g Hc,: (54)
T€(103,10'%) GeV:
5
Ha = bg, = =51 He;- (55)
T€(10'-12,10'%) GeV:
37
Ky, — Hep, = —@Mq (56)
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T e (10°,10'"-12) GeV:

3044

Ko, — Hp, = —mﬂq (57)
T € (10%,10%) GeV:
22
Ko, — Hep, = —ﬁllg- (58)
We can then rewrite the kinetic equations as
d Yoo =—Csu(Ygo — Y3)) (59a)
dZ Sa — Sa\t Sa Sal»
Ly =S L (vou—ve) —wy 59b
az CZ—Z; a(Ysa=Yg) = WYc,.  (59b)

a

C. Rates

The equilibration rates for S and ¢ are computed here to
leading order in the CTP-formalism, where we include the
expansion of the Universe following the procedure from
Ref. [68]. Since the relevant couplings for leptogenesis are
the cubic couplings between the scalars and the singlet, we
define ¢y = ¢y = Ky, ¢ = €35 = Ks, €21 = K, Co1 = K7,
as well as ¢, =5y, C;p =5 and call my, my, the
effective masses of the two doublets before EWSB. In
this notation, c¢;; mediates the interaction of the complex
singlet S with an incoming doublet ¢; and an outgoing
doublet ¢;, while the ¢ couplings mediate the interactions
involving S*.

In the singlet mass basis, the cubic couplings of the
singlet and the doublets can be written as

D (Pi)S. (60)

where we define

cl(-Jl-) = ¢;j(cosOg — isinfg) + ¢;;(cos Og + isinfg), (61)

cl(.jz.) = ¢;j(icos@g + sinfg) + &;;(—icos O + sinbg),
(62)

with the (a) _ Lo
property ¢;;° = ¢;;’" .

We then find the tree-level singlet equilibration rate

(a);2 9w aRZKl(Z)
Cop = S |c\@)2 T 9RE , 63
S ,Zk| Jk | 1677: mg KZ(Z) ( )

where g, is the number of SU(2) degrees of freedom, ap =
(1/2)mp (73, /45)71/% the comoving temperature (see,
e.g., Ref. [69]), mp = 1.22 x 10! GeV is the Planck mass

and g, is the number of relativistic degrees of freedom, and
the washout rate

3
IZGR

Wy =Y el P—— K (). (64)

167 m3

due to inverse decays, where we take the singlets to be
quasidegenerate and approximate their masses by the
averaged mass mg. In addition to this leading-order wash-
out rate, there is a washout contribution from two-by-two
scattering of the doublets mediated by an off-shell singlet.
Even though these only contribute at next-to-leading order
in the couplings, because the heavy singlet is off-shell,
these contributions are not Boltzmann suppressed at late
times when the temperature falls below the singlet mass, so
that they can become dominant. We find

9w AR
W2 = 3 =
— 167 m3

el P+ 21e el + el 53 1],
(65)

where we neglect the momentum dependence of the singlet
propagator. Because the couplings are dimensionful, this
contribution to the washout rate is approximately scale-
invariant, leading to an exponential decay of the asymmetry
over a long time range. If the couplings are small enough
compared to mg, however, it is possible that the asymmetry
gets converted into a B — L charge before getting signifi-
cantly depleted.

As for the source of the CP asymmetry, we only consider
wave-function-type contributions to it, which exhibit res-
onant enhancement and are therefore dominant. While the
resonant peak of the CP asymmetry due to the mixing of
the Higgs doublets is damped by the large gauge-induced
propagator widths, the same is not true for the singlet
propagator, whose contribution to the CP violating source
is strongly enhanced in the case of quasidegenerate singlet
masses, which we assume here. There are two wave
function diagrams that contribute to the source term, shown
in Fig. 1. The CP cuts that lead to the asymmetry here are
kinematically forbidden at zero temperature, which is one
main of the main reasons why we resort to CTP methods.

e
S A
00°%0, / s
°o °°° S oo‘\ /o° S
: % SN
——»—' S o —— ——»—? (bk ,o-—>—
¢i .°°°°o ¢>z (;51 \ / i
m\; o7 40 oL
N / ~p-
>’ o;
Ok
(@) (b)

FIG. 1. Diagrammatic representation of the CP-violating
source terms.
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In the diagram shown in Fig. 1(a), CP violation arises from the mixing of the scalar doublets, similar to the scenarios

considered in Refs. [70,71]. We can write its contribution as

) _ (@@ [ d%k d'p dq
Spi = Cij Chi 7 7 4
/ (27)* (27)* (2x)

5k = p — q)(iAg, (q)idg; (k) —

iA5,(q)idg;(K)iDji(p), (66)

where Dj; is the one-loop resummed mixed scalar propagator, which we can obtain from [72-74]

2k00,1iD¢]2 + l(m?pl —

where TT?, IT#, TIY are the one-loop scalar self-energies due
to Yukawa, scalar and gauge interactions, respectively, and
< <> stands for the same terms on the right-hand side
with the CTP indices reversed. The off-diagonal scalar-
mediated self-energy describes the mixing of the two
doublets induced by the out-of-equilibrium § fields and
is responsible for the CP-violating source, while the
remaining self-energies contribute to the effective width
of the propagator.

Even though we do not specify the masses of the scalar
doublets before EWSB, we assume them to be small
compared to the mass of the singlet, and their mass splitting
to be small compared to their widths. We then use the
ansatz [72]

A
i(myy —mgy )y, = —By @

which has the solution

_ . s
Ay = Ny =Ny = R¢2134,§é,

— By "¢12 By (1, + ngy5)

2 2
My — My

. 1 .
Mg, )iDy1p = ) (H(}/,Tz + H¢12 + Hz;Tz)l(A<11 +45)

22 kk+

o T ) iDg1n— <>, (67)

'u¢12 Sign(po)e‘l’ovT
T (VT —1)2

. (68)

iD¢12(P) = 275(p* - mé)

with the chemical potential pugy;, parametrizing the
deviation of ¢ from equilibrium, and with the average
mass mg. We integrate Eq. (67) over the momentum and
define

+oo k0 &’k
n$12 = 2/0' / k lD¢12(k) (69)

to obtain, in the static limit [i.e., dropping the derivative
term on the left-hand side of Eq. (67)],

_ B/j/),even’,lqis12 _ B/{};oddn{:/fn’ (70)

(71a)

R¢:

(mg/u_m?/)z) _i_(By_I_B/leven_Biodd)(B) —I—ZB

A even + BA 0dd> (71b)

The various averaged rates that appear here are defined and estimated in Appendix A. With this we find the wave function

contribution to the self-energy

Sf(m)—(()() (1)

2
Cl1 € —Cp C]l )Im[ (12)621 ]R¢3l

ZSCZR

WKI (2). (72)

Similarly, we can write the contribution from the diagram shown in Fig. 1(b) as

§@ _ @ 0 / d'k d'p dq
Pi ij “Ji (271.)4 (271')4(277)4

&' (k= p — q)(iAg;(q)idg;(k) —

i85;(q)iAg;(k))iDsap(P), (73)

where Dyg,;, is the one-loop resummed mixed singlet propagator, which we can obtain from

2k°0,iDgy 4+ iAm3}iDgyy =

1. )
_Elnﬁzl(Aa +A5)

1
- E(inﬁ + il143)iDg— <<>>, (74)
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where I1” is again the self-energy due to scalar interactions
and Am? is the difference in squared masses between S,
and S,.

Approximating

2) Hsi2 Sign(PO)elpo‘/T
e e

. _ 2
iDg1>(p) = 275(p T (P17 = 1)2

. (75)

where g is the average singlet mass, we can again define

+oo k0
”?12 = 2/0 /

and integrate Eq. (74) to find

k lDSlZ k) (76)

2 1) (2 1
550 = (m[ee?] (e + ety

) + Im[ 52)’2021

izémmnm:—BM B "ng, — BE*nl,,, (77)

with the solution

_ . s
qs12 = n;‘u —Ngp = RSZlBSﬁ, (788_)
Rg = Sy, ‘
(5m§12>2 + (Bé,even _ Bé,odd)(Bé,even + Bé’Odd)
(78b)

Again, the various momentum-averaged rates and their
estimates can be found in Appendix A.
With this we find

3CZRZ3

DRS 1281 K (@) (79)

The two source terms exhibit the same z-dependence and can therefore be taken together when computing the final
asymmetry. Because of the large widths induced by the gauge interactions of the doublets, we find that R is strongly
suppressed compared to Ry, so that the second contribution dominates. The kinetic equation for Y, Eq. (59b) with

vanishing initial conditions is formally solved by

22S1 // H Z2Sl /dYa _ N7
Ye,(2) Z/ = YSa_Y ) (2)e ~JWeld) —Z/ KC: 0 Sa ¢ fWN)ZdZ’, (80)

which, in the strong washout regime, can be approximated
by [75]

72S¢1 / dY?i
YCA Z/ KCSa /

f W{/) dZ” (81)

IV. EDMS

An important consequence of CP violation in 2HDM
models is the prediction of nonvanishing EDMs, particu-
larly of electrons and neutrons. In these models, as first
noted by Barr and Zee in Ref. [76], due to the necessary
chirality flip, two-loop contributions can be as large or
larger than one-loop ones.

The electric dipole moment of a fermion f, d is given by
the coefficient of the effective operator

dy -

Lepm = = Jo" (ir)fFyu. (82)
with F,, the electromagnetic field strength tensor.

Since the electron is an elementary particle, its EDM can
be readily evaluated using perturbation theory. As for the
neutron, since it is a composite particle, its EDM receives
contributions from the quark EDMs and chromo EDMs

Zi

|
(CEDMs), the Weinberg operator, and four-fermion
operators, where the latter two are typically subdomi-
nant [77,78].

Neglecting contributions from the strong CP theta-
angle, the neutron EDM in terms of the quark (C)EDMs
can be determined using QCD sum rules and is given
by [78,79]

d, = 0.47d, —0.12d, + ¢(—0.18d, + 0.18d, — 0.008d,),
(83)

where d are CEDMs, defined as the coefficient

dp
Lcgpm = — Efgsfaﬂy(lys)fGﬂlN (84)

with G, the gluon field strength tensor and g the strong
coupling constant.

In Ref. [80], the full two-loop contribution of 2HDMs
with a softly broken Z,-symmetry to the electron EDM was
computed, which was later generalized to unconstrained
2HDMs in Ref. [81]. The contributions to the EDMs and
CEDMs of the light quarks from 2HDMs were computed
in Ref. [82].
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V. NUMERICAL RESULTS

In our parametrization, we first choose the mass eigen-
states and the rotation matrix, and from the rotated mass
matrix we extract the parameters of the theory. However,
the mass matrix contains degeneracies in the parameters,
while some parameters do not appear in it at all, and so they
need to be fixed separately. In particular, Y, + v>/2Z5,
Y, +v*/2Z,, and Y, + v*>/2Z,, always appear together,
while Z,, Z;, Z13 — Z;7 and K5 do not come up at all. In our
case, we are only interested in the cubic interactions of the
doublets with the singlet and on the doublet scalar
interactions, which are given by the k and the A; parameters.
In the limit where the singlets are decoupled from the
doublets, we can determine the A parameters from
Egs. (18a)—(18e). The x parameters can be determined
from the K parameters via Eq. (B5), but the system is not
closed since K5 is not fixed by the mass matrix. To avoid
large cancellations, we fix the real and imaginary compo-
nents of k4 as the geometric mean of the real and imaginary
components of K, K¢, K7 multiplied by £10", where the
sign = is picked randomly and the exponent 7 is taken from
a uniform distribution in [—1, 1] for the real and imaginary
components separately, so that the system becomes closed.

We further parametrize

MG, = diag(mi, m3, m3, mz, m3), (85)

where the masses appear in increasing order, with m; = m;,
the mass of the physical Higgs boson, and where m4 and m;
are taken to be much heavier than the other three, corre-
sponding to the masses of the singletlike states. The special
orthogonal matrix R that diagonalizes the mass matrix (9)

RM?R" = MG, (86)
hy (P(l)
hy 5
hy | =R| &) |, (87)
hy 3
hs a3

can be written in block form as

R:<2 g), (88)

where A and D are 3 x 3 and 2 x 2 square matrices, while B
and C are 3 x2 and 2 x 3 matrices, respectively. In this
notation, A describes the mixing of the doublets among
themselves, D of the singlets, and B and C the mixing
between the two groups. In order to avoid large cancellations
of the contributions of the heavy states on the light masses,

the entries of B and C must be at most of order ~m,; / mg. The
orthogonality condition on R implies

T T T T
RTR — (A A+C'C A'B+C D) _ 1. (89)
BTA+D'C BB+ D'D

Since the entries in B and C are much smaller than A and D,
we can neglect their contribution to the diagonal terms, and
choose A€0(3) and D €0O(2). Choosing B as a 3 x 2
matrix with entries smaller than m,, / my, the requirement that
the off-diagonal terms vanish fixes C = —DBTA.

In our case, we assume that the doublet potential is CP
conserving, so that the only source of CP violation is the
mixing of the doublets with the singlet. This implies
Im(Zs) = Im(Z¢) = Im(Z;) = 0. Since the third row/
column of A describes the mixing between the CP-even
and CP-odd Higgs states, we can set these entries to zero, so
that A is of the form

A= (KO0, o

with R(0) the 2 x 2 rotation matrix with angle @ described
in Eq. (15).
With this, the rotated mass matrix is

ATMGA + CTM3C ATM3B + C"M3D
(BTM;A +D"M3C B"M3B + D"M3D ) ’
1)

and the cubic scalar couplings K can be determined by
matching the off-diagonal components of the mass matrices
in Egs. (9) and (91).

Regarding baryogenesis, the gauge and Yukawa cou-
plings give the doublet propagator a large width, while the
width of the singlet propagator is solely determined by
scalar interactions, whose contributions are considerably
smaller. We find that the CP-violating source term from the
singlet decays is resonantly enhanced and therefore dom-
inant. Furthermore, we assume that the Majorana fermion
interactions equilibrate and freeze out at temperatures
between 10° and 10'° GeV, and that all lepton flavors
equilibrate fully. Throughout our analysis, we consider a
vanishing initial abundance of singlets.

In the numerical implementation, we pick the best fit
values from Ref. [63] for the doublet masses and mixing
angles:

tanf = 4.2, my+ = 2140 GeV, my = 2180 GeV,
my = 2180 GeV, sin@ = —0.0096, (92)
with the slight modification that the heavy neutral scalars

are taken to be exactly degenerate, so that As = 0.
In general, however, we do not expect the outcome of
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baryogenesis to be particularly sensitive to the parameters
of the doublet potential, since the leading source of CP
violation depends primarily on the cubic doublet-singlet
couplings x4 5. As for the EDMs, we expect the doublet
masses to be inversely correlated to the EDM contributions,
as some of the terms are logarithmically enhanced by the
scale separation of the doublets and the singlets, see
Refs. [81,82].

Regarding the singlet sector, we generated 1000 random
parameter sets. We picked log,y (mg/GeV) € [4,10] and
n€[l,3] assuming uniform distributions. We further set
Amg = mg/v* x (mj/mg)", fixed D as a 2 x 2 rotation
matrix with random phase in [0,27), and picked the
entries of the matrix C from a uniform distribution
in [=(mgy/ms)", (my/ms)"].

For illustrative purposes, we show the time evolution of
the singlet abundance and the asymmetries in Fig. 2 for one
typical random parameter point. The asymmetry Y, is
generated through out-of-equilibrium decays of the sin-
glets. Lepton-number violation mediated by decays and
inverse decays of a right-handed neutrino eventually con-
verts this asymmetry into a lepton asymmetry, what leads to
a nonvanishing Yp_; .

For computing the electron and quark (C)EDMs we
made use of a version of the code from Ref. [82] adapted
for the present model. The results of the parameter scan are
shown in Fig. 3. We compare the electron and neutron
EDM contributions from our extended scalar sector with
the SM predictions from Refs. [2,3] respectively, and with
the current upper bound from JILA [83] and the predicted
sensitivity from Imperial College [84] for the electron

10726
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107%
= % .;.... oo o =
J e - »® )
% 10 38 o % ‘:‘0’5~: o“.;”: :‘ %
o o . i) D
g " SM =.. _.0 .‘- ..o o ..- .-. ;I-_-‘ . . g
I e P e X SN £
3 o ©° te It é..‘!.- e . z
RRTRC - A EREAS < M
. ‘. BORRTYY &
. . § o° :;ESE;
107 e afaone”
V Lo, o
10—50 g . : -: ; hd
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nB
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FIG. 3.
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1077+
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FIG. 2. Time evolution of the single abundance and of the
asymmetries.

EDM, as well as the upper bound from PSI [85] and the
predicted sensitivity of the n2EDM experiment [86] for the
neutron EDM.

We find that baryogenesis is possible in this model for
singlet masses as low as 10° GeV, in large part due to the
resonant enhancement of the CP-violating source. For such
low masses, the singlet decouples before thermalizing, so
that the CP-asymmetry is produced by the inverse decays
of the singlet. We recall that the Majorana fermion must
equilibrate at temperatures above O(10% GeV), since
below that the up-quark Yukawa interactions equilibrate
the C, charge. Because we assume that the Majorana
fermion equilibrates shortly after the production of the
CP-asymmetry, the exponential depletion by the 2-to-2
washout processes occurs for only a short time before the

1072'2 1010
107 |pSI_» *
e i " . . 10°
os RN %
e e S, I
al & tEe e TR 10f
107 3 e e v el —
B R -
1073 ..“% 10" 2
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0—46 = : P o 104
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(b

Scan of electron (a) and neutron (b) EDM contributions from our model plotted against the asymmetry parameter 7z. The blue

dashed region is the constraint for successful baryogenesis, while the orange regions are the constraints from JILA [83] for the electron
and from PSI [85] for the neutron EDMs. Also plotted are the SM predictions for the electron and neutron EDMs from Refs. [2,3]
respectively, and the predicted sensitivities from the experiment under construction at Imperial College [84] and the n2EDM experiment

at PSI [86].
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CP-asymmetry gets converted into a B — L charge, which
is protected from washout. We also find that the model can
give large contributions to both the electron and the neutron
EDMs, dominated by the contributions from the Higgs
kinetic terms [81,82], with some parameter sets already
excluded by current neutron EDM constraints [85].

We observe a negative correlation between the EDM
contributions and the resulting baryon asymmetry. This is
because large EDM contributions require large mixings
between the singlets and the CP-odd Higgs component,
which in turn results from large cubic couplings. Such large
cubic couplings, however, also give rise to large washout
terms, which eliminates any asymmetry efficiently. Still, we
find some parameter sets which can both produce baryo-
genesis and give sizeable EDM contributions, particularly
for the neutron, some of which are just below current
experimental bounds. In view of the fast development of
EDM experiments, we expect parts of the parameter space
of the model to be probed in the near future.

VI. CONCLUSIONS

In this work, we proposed and studied a new mechanism
for baryogenesis, where the out-of-equilibrium decays and
inverse decays of a thermally produced heavy singlet first
produce an asymmetry between the two Higgs doublets,
which is converted into a B — L asymmetry via the
Majorana fermion interactions and finally converted into
a B charge by weak sphaleron processes. Due to its small
decay width, the CP-violating source is resonantly
enhanced, so that baryogenesis is possible for singlet
masses as low as 10° GeV. We also performed the first

|

combined analysis of baryogenesis and EDMs for a model
of baryogenesis from out-of-equilibrium decays with CP
violation in the Higgs sector and found that, in spite of
the relatively large scale at which CP violation occurs,
the additional scalars can give sizeable contributions to the
electron and neutron EDMs, which, in the case of the
neutron, are just a few orders of magnitude smaller than
current experimental sensitivities, and within reach of
future experiments. In this way, the mechanism laid out
here allows us to directly relate CP violation in the Higgs
sector and the resulting EDM contributions to baryogen-
esis, without the need for a first order electroweak phase
transition.
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APPENDIX A: AVERAGED RATES
The rates appearing in Egs. (70) and (77) are defined as

/1 +oo k0 &Pk
= [T [ TG () + 87 0)= <> o, (1)
1 +o0 kO & k .
= iT/ / qu(k) + H¢22(k))lD¢12(k>7 (A2)
p12
1 +oo dk() d k A A .
i [ (TG (K) + TR iDyus (), (a3
$12J0
even ol oo k0 d’k > A< s s
Bj; ”ilz + Bj; ddnjlz = :t/ / koz lHjﬂzlA w T gD g1~ <<—>>)|ﬂ3a:0, (A4)
i oo dko d3k . -
By =+ Sk TG0 (k) (iA5, (k) + iA5 (k) — <> |Dga=0- (A5)
CV@H O Foo dko d3k >
B, + BEYnd, = / / 5 Zko (iM55iA%, + i1, iDg;— <<>)|,. o, (A6)

where we only keep terms up to linear order in the deviations from equilibrium.
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We find
154 (@) (@) M3hsa
By ==Y eiflels 03 Kelms/T). (A7)
a.k
A5 (1),.2) Mhsa
Bs™ = gu) _ciicy; 3 Ka(ms/T).  (A8)
I 32
For Bg we use the result derived in Ref. [71]
BY =14 x 10772, (A9)

while for B;; we only keep the contribution from the
coupling of the top quark to ¢, given by

¢ 1;2 ”ll ] t 1‘1[]
f()I' T>> mt.

A ad . . N )
As for B¢even/ °%¢ it receives contributions from cubic

and quartic couplings, but we only keep the cubic ones,
which we expect to be dominant. We then find

1 dd . o i
Finally, B even/odd o166 receives contributions from cubic

and quartic scalar couplings, but we again restrict ourselves
to cubic ones. This then gives Bﬁ:"dd =0 and

1 [*eodk®
A, AA AAN -
Bs'even = :I:—ni / / 2 ),; HS] + HSZ )lDSIZ'
S12

(A12)
We find
It + s = ng|C/k —ﬂ_, (A13)
a,j.k
which gives
A.even 1
BE = g, | P o (A14)

a,jk

APPENDIX B: PARAMETERS

Assuming S does not acquire a vacuum expectation

2
Bheven — B:};"dd Z| it p_— ! mg K,(mg/T).  (All)  value, the minimization condition for the doublet potential
64n T gives the relations
5 5 Lot v 3w 3 ,
Re(utye)vs +puivy + = 5 2 2Re(1ge) + FRe(#re) =0, (Bla)
5 vy 03 3 . v .
Re(uire)vy + pavy + =23 4 - das + 5 Re(oe™) + Re(1;¢) =0, (B1b)
5 i V103 siry | VIV2 P ,
010, Im(pd,e’) + TIm(ASe i) + Tlm(lée’g) + Tlm(/%e’g) =0. (Blc)
In addition to this, we can express the couplings in the new basis as
Y| = picos’B + p3sin’f + 2Re(ut,e'®) sin B cos f,
Y, = p3cos? + pisin?f — 2Re(u?, e ) sin B cos
Y1, = e (Re(ui,e) cos 26 + iIm(u7,e™) + (43 — p7) sin f cos ), (B2)

Z, = A1cos*B + Jrsin*B + 24345sin’fcos?f + 4Re(Age'®) sin fcos®f + 4Re(1;e )sin B cos B

Z, = Jysin*B + A,cos*B + 213455in’ fcos?f — 4Re(Age'® )sin’ B cos f — 4Re(1;e) sin fcos’ B,

Z3 = (A + Ay — 2A345)sin>fcos? B + 13 — 2Re(Age'®) sin f cos B cos 23 + 2Re(4;e) sin S cos f cos 213,
Zy = (A + Ay — 2A345)sin>fcos? B + A4 — 2Re(Age'®) sin f cos fcos 28 + 2Re(4;e) sin S cos f cos 213,
Zs = e 2€[(A + Ay — A345)sin*Bcos? B + Re(Ase?) + i Im(Ase') cos 23],
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Zg = e7¢[=], sin fcos’ B + A,sin®f cos B + Az4s sin B cos fcos 23 + i Im(Ase*) sin B cos
+ Re(eg)cos?f(2 cos 2 — 1) + i Im(e“ Ag)cos?f + Re(e A7)sin?B(1 + 2 cos 28) + i Im(e~1;)sinf],
Z7 = e [=Asin*f cos B + A, sin fcos B — Azys sin fcos fcos 23 — i Im(e%¢ 1s) sin B cos B

+ Re(e2)sin?B(1 + 2 cos 2f) + i Im(e“Aq)sin’f + Re(e“A7)cos’f(2 cos 28 — 1) + i Im(e 1, )cos? ],

(B3)

Z1, = A11€08*f + Ay3sin’B + Re(ei“;5) cos Bsin 3,

1 . )
Zyy = 5 (A12€082B + A148in’f + e Ay sin fcos f + e 25, sin f cos f),

Z13 = Apsin®B + Aj3c082f — Re(ef“;5) cos Bsin 3,

1 . )
Zyy = 3 (A128i0%B + 4140082 B — €/ A6 sin fcos f — e 2%, sin f cos f),

Zis = e7%[—=A;; sinBcos B+ A3 sin fcos B+ Re(e“As) cos 28 + i Im(e“1;5)],
Zig = e [=Ajpsinfcos B+ Ay sin fcos f + €€ 1 5c08?f — e~ A7,sin?f],

Zy7 = e [=A}, sin fcos f + A}, sin fcos f — e Ajsin’ B + e“ 11700824,

(B4)

K, = k4008 + Kkssin’f + e“kg sin S cos B + e~k sin f cos 3,

Ks = k4sin’f + k50082 — ek sin fcos f — ek sin f cos B,

K¢ = e [~k sin fcos B + ks sin fcos f + ekgcos?ff — e Cxisin’f],

K7 = e7%[—xj sin fcos f + k% sin fcos f — e~ k;cos?f + eCksin’f],

where A3ys = A3 + A4 + Re(45e%¢). The phase ¢ can be
eliminated by a field redefinition. With the relations above,
we find

(B6)

APPENDIX C: EDM COMPUTATION

In this section, we review the methods for computing
EDMs at two loops. The EDM can be extracted as the
CP-odd Pauli form factor of the electromagnetic vertex
function

ideﬂ(p/)U”UYSQyu(p)’ (Cl)
in the ¢g> — 0 limit. As an example, we consider the

contribution from a single Barr-Zee diagram with a
top-quark in the loop, shown in Fig. 4.

(BS)

Overall we have four diagrams of the same type, which
can be obtained by switching the arrow of the fermion flow
in the loop or by exchanging the internal Higgs and photon
lines. The four diagrams give the same contribution to the
EDM, and so we get a factor of four in the final result. The
contribution of a single diagram to the vertex function is
given by

FIG. 4. Barr-Zee diagram contribution to the electron EDM.
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(=ime)(=im,)

VE(p. pa) = i(=ie N QL)
d*k d*k iK+m,) —ig i
- - —2T%c,R ic,1 5 e) v pv
X / (27[)4 (27_[)4 (le 3Cr e(qu) + ICy m(qu)y ) k2 _ mg (p] _ k)z (p2 _ k)2 _ m%

i +m) ik —p>+pi+m,) ; _ i+ pi — K+ m,)
X tr [}’p 02— mtzt r K = prt p1)?— n;,z (qi1 = 2T5¢pRe(qa) + icp Im(q)r”) K+ p — k)2 = ”;tz .

(C2)
where Q! is the electric charge of the top quark, and N, is the number of color degrees of freedom.
The first step in evaluating this term is to compute the top-loop vertex function. Gauge invariance via Ward identities
implies that this vertex function must be a linear combination of the tensors
Pri — eﬂf‘“/’qafﬁ, (C3)

TPH — qﬂfﬂ — gﬂﬂq . f’ (C4)

where £ = p; — k is the momentum of the internal photon and ¢ = p, — p; from the external one. We find that the loop
function can be decomposed into one part

402 m? m(gg) PP / d*r 1
e’ —c q
p TR (22)* (K = mi) (K + £)° = m) (K = q)* = m})
2
5462%6']0 Im(qkz)Ppﬂll(fzg 612), (CS)

and one part

K~ (K2 + 1 g = md) + 2K4¢7 + AKMKY = 200 g — £ g + 4P
(27)* (K2 = m)((K' +£)* = m})((K' = q)* — m})

2’”% f
de W (g1 — 2T5cRe(gy2))

_ 42" 21l R ToHL (22, g C6
= 402" (g1, = 2T e Re(qa) T (2%, 7). (c6)

Using Feynman parameters and taking the ¢g> — 0 limit, we find in dim. reg.

1,(£2,0) = —i(4n)"T(e + 1) Al M= 1)(t152_4tr)m?)”6
i 1 1 1
“tor |, Wiy o

43— 1)[(r— 1)~
(f2 _n~1[2)l+e

1 2 3 _ 4 2
L (£2,0) = ie(47)2T(e) / P
0

i 122 -2t+1 1
= dt , C8
167‘[24 t (fz — nﬁ?) (C8)
where
2
5 m;
= C9

While one could perform the 7 integral right away, it is more convenient to leave it unevaluated and treat the denominator as
a propagator [87]. Making the substitution £ — p; — k and taking the limit m,, p;, p, — 0, we find
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4
V4(0,0) = —4e*N, (1) M / LIV
v? (2r)*

X [(qr1 = 2T§CfRe(fIk2))(qpk” - ¢"q-k)L((p

—2T%c,Re(qpp) + ic, Im(gyn)y”)

— k)2,0) + ¢, Im(q0 ) e g kpl, ((py

K o1 o1
el R —m
—k2.0). (C10)

With
d*k k' kY ig"” m2
1 L Cll
[ G =~ s o) et
multiplying by four, and keeping only the mixed terms, which give contributions to the EDM, we find
32¢3m,m?N . (QL)? / b2 =2t+1 1 m;
d, = — 10247702 [Cf Im(gs,)(qu — 2T’3CfRe(611<2))/) dt p m% g log <n7l_t2>
’ L 1 m%
+ (g1 — 2T5¢Re(qra))cp Im(qsa) dt—ilog (C12)
0 tm m m,
Defining the Davydychev-Tausk vacuum integral function [88]
2 21 +x— (x, —x+ Ax,
®(r.y) = Red 22— Jiogo)tog(y) + log (T ETI T VAR o (122 2 VAR
VA(x.y) 2
—v—+/1 1— /2(
—Li2<—+x = f) —L12< x” Ax.y )]} (C13)

where Li, is the dilogarithm and A(x,y) = (1 — x — y)? — 4xy is the Killén polynomial, at equal arguments we find
) 2 n? 1 —+1—4x log?(x (1 —=+1—-4x
O(x) = Em®(x.y) = ——r {€+1og2< 5 ) - 2( ) o, <f> . (C14)
With this, we can compute the remaining ¢ integrals to find
m,e’m?N,.(Q)?
d, = _JTE)WZ Im(‘]kz){cf(flkl — 2T5c/Re(qin)) i@ (1)
k
+ (qu = 2T ¢ Re(qpa) Jeri (4 + 2log(ry) + (1= 2Fk)‘1>(rk))}7 (C15)

in agreement with Refs. [76,80,81].
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