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ABSTRACT: We evaluate the baryon number abundance based on the charge transport
scenario of top quarks in the CP-violating two Higgs doublet model, in which Yukawa
interactions are aligned to avoid dangerous flavor changing neutral currents, and coupling
constants of the lightest Higgs boson with the mass 125 GeV coincide with those in the
standard model at tree level to satisfy the current LHC data. In this model, the severe
constraint from the electric dipole moment of electrons, which are normally difficult to be
satisfied, can be avoided by destructive interferences between CP-violating phases in Yukawa
interactions and scalar couplings in the Higgs potential. Viable benchmark scenarios are
proposed under the current available data and basic theoretical bounds. We find that the
observed baryon number can be reproduced in this model, where masses of additional Higgs
bosons are typically 300400 GeV. Furthermore, it is found that the triple Higgs boson
coupling is predicted to be 35-55 % larger than the standard model value.
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1 Introduction

Baryon Asymmetry of the Universe (BAU) is one of the remaining big questions of particle
physics and cosmology. The observed baryon asymmetry from the Big Bang Nucleosynthesis
is given by

nBBN = % = (829.2) x 107! at 95% C.L., (1.1)

where np and ng are number densities of baryons and anti-baryons, respectively, and s is
the entropy density [1]. Baryogenesis is one promising interpretation for the origin of the
BAU, in which the BAU is created from the baryon symmetric universe after the inflation
in the early universe. In order to realize baryogenesis, a theory should satisfy the Sakharov
conditions; 1) existence of baryon number changing interactions, 2) non-conservation of C
and CP, and 3) departure from thermal equilibrium [2]. It has turned out that baryogenesis
cannot be realized in the Standard Model (SM) [3-5]. Therefore, new physics beyond the
SM is necessary. Many scenarios have been proposed for baryogenesis where the Sakharov
conditions are satisfied in various mechanisms, such as GUT baryogenesis [6, 7], Affleck-Dine
mechanism [8], Electroweak Baryogenesis (EWBG) [9], Leptogenesis [10], et cetera.

In contrast to the other scenarios, EWBG clearly has peculiar importance to be
explored at the present stage of particle physics. It depends on physics of electroweak
symmetry breaking, and the Higgs sector will be throughly tested at various current and
future experiments. Therefore, the scenario of EWBG can be experimentally confirmed or
excluded in the near future.

In the scenario of EWBG, the Sakharov conditions are described in the following way.
First, in electroweak theories, baryon number non-conservation is realized by sphaleron



transition at high temperatures [11]. Second, C is always violated in chiral electroweak
interactions, and CP-violation is provided by interactions in the Higgs sector including
Yukawa couplings. Third, thermal non-equilibrium is caused by the strongly 1st order
electroweak phase transition. In the SM, enough CP-violating sources are not supplied [3],
and the electroweak phase transition is crossover [4, 5], so that some extensions are necessary
for a viable scenario of EWBG. In fact, although the Higgs boson was discovered, the
structure of the Higgs sector and the mechanism of electroweak symmetry breaking remain
unknown. In addition, the minimal Higgs sector in the SM is tentatively introduced
without any theoretical principle. There are thus possibilities of extended Higgs sectors,
where sufficient additional CP-violating phases are contained and strongly 1st order phase
transition is realized, by which viable models of EWBG can be constructed.

Many models for EWBG have been proposed using physics of extended Higgs sectors
in the literature. The earlier works for the numerical evaluation of the produced baryon
number are given in refs. [12—-14]. Following these works, there have been many studies
where the baryon number is evaluated in Two Higgs Doublet Models (THDMs) [15-27].

Physics of CP-violation and that of strongly 1st order electroweak phase transition
have been often studied separately in the literature. Constraints from the Electric Dipole
Moment (EDM) data have been discussed in refs. [36—41], and physics of the 1st order phase
transition have been examined in refs. [42-52]. The prediction on the triple Higgs boson
coupling in the scenario of EWBG has been discussed in ref. [53], based on the physics
of quantum non-decoupling effects of additional Higgs bosons [54-57]. Phenomenological
impacts on the di-Higgs production have been studied at hadron, lepton and photon colliders
in refs. [58-68].

Gravitational Waves (GWs) originated from collisions of bubbles of the 1st order
electroweak phase transition have also been explored in refs. [69-74]. Complementarity
between gravitational waves observations and collider experiments to test the 1st order
electroweak phase transition has been studied in refs. [75-78].

In this paper, we evaluate the BAU in the CP-violating THDM in which current EDM
constraints are satisfied and strongly 1st order phase transition is realized. In order to avoid
dangerous Flavor Changing Neutral Currents (FCNCs), we assume alignment in the Yukawa
interactions of the model [79]. In addition, to describe the current constraints on the Higgs
couplings at LHC [80, 81], we simply impose the condition that the lightest Higgs boson
behaves like the SM one. In ref. [82], it has been shown that if this alignment for the Higgs
bosons is even slightly broken, most of parameter regions of the model can be explored by
the synergy of the direct search at the HL-LHC and the precision measurements of the
Higgs boson couplings at the ILC with /s = 250 GeV with the arguments of perturbative
unitarity and vacuum stability, while there are some regions which cannot be excluded in
the Higgs aligned scenario, in which this alignment holds exactly at tree level. Therefore,
in the near future, the Higgs aligned scenario would be more important as the experimental
data are accumulated at the collider experiments. Constraints on CP-violation in such

!There are studies in other models like minimal supersymmetric standard models [28-30], the singlet
extension of the standard model [31, 32], effective field theory approaches [33-35].



a scenario from the EDM experiments are studied in this model in ref. [40], and collider
phenomenology at proton colliders and e*-e~ colliders are investigated in ref. [83] and
ref. [84], respectively. In this paper, we evaluate the baryon asymmetry generated by the
electroweak baryogenesis in this aligned scenario of the CP-violating THDM.

We consider the charge transport scenario of top quarks, where the CP-violation
via the interaction between top quarks and the Higgs boson is utilized [15, 16]. In this
framework, the stringent constraint from the electron EDM [85] can be satisfied by the
destructive interference of the effects from Yukawa interaction and Higgs potential [40]. The
baryon number is evaluated according to the method developed by refs. [29, 34, 35, 86-88].
We then propose benchmark scenarios of the model where the correct baryon number is
evaluated with avoiding the theoretical bounds from perturbative unitarity [89-92] and
vacuum stability [93-95] and experimental constraints from the current available data from
EDM ([85, 96], LEP [97], LHC [98-101], flavor [102, 103]. Phenomenological consequences
for the model can also be discussed.

What is new in this paper is the following: 1) focusing on the scenario of the Yukawa
alignment and the Higgs alignment, 2) investigating parameter regions where constraint
from electron EDM is avoided by destructive interference of CP-violating effects in the
Yukawa coupling and the Higgs potential, and 3) evaluating the BAU in this new scenario.

This paper is organized as follows. In section 2, we introduce the two Higgs doublet
model including the alignments in the Higgs and Yukawa sector which are mentioned above.
In section 3, some experimental and theoretical constraints on the model are discussed.
In section 4, the effective potentials at one-loop level for zero and finite temperature are
shown. A formula for the deviation of the triple Higgs boson coupling from that of the
SM is also shown. In section 5, discussion on EWBG via charge transport by the top
quarks is presented. In section 6, we show the results of numerical evaluations for the
baryon asymmetry and the EDMs. Some comments on our analysis and phenomenological
implication are discussed in section 7, and conclusions are given in 8.

2 The model

We consider the model including two SU(2); doublets ®; and ®5, whose hypercharges
are Y = 1/2. In general, both doublets can have Vacuum Expectation Values (VEVs)
without violating the electromagnetic charge conservation. However, by U(2) transformation
between the doublets, we can always move into the basis where only one of the doublets
has a VEV, so-called the Higgs basis, without loss of generality [104]. In the following, we
use this basis, and each doublet is parametrized as follows;

GT o+
P, = ) , Py = ) , 2.1
! <$(U + h1 + ZG0)> 2 (\}i(hg + lhg)) (2.1)

where v (= 246 GeV) is the VEV. The scalars G* and G° are Nambu-Goldstone bosons
which are absorbed into the longitudinal modes of W+ and Z boson, respectively.



In the Higgs basis, the Higgs potential of the model is given by
V= @1 - 3| - (43(2]®2) + hc.)

A A
+ 1+ TPl + Aa| @1 @] + A BB

A
+ { (25(@{%) + | ®1[% + A7<1>212> (@] ®y) + h.c.} : (2.2)

The coupling constants u%, A5, Ag, and A7 are generally complex numbers, however, one of
them can be real by the redefinition of the phase of ®s.

By substituting eq. (2.1) into the Higgs potential, we obtain the following stationary
conditions;

=0t =t (2:3)

Because of the second condition, the CP-violating phases of p3 and A\ are the same.
Therefore, independent CP-violating phases in the Higgs potential are generally two of
arg[As], arg[Ag], and arg[A7].

The charged scalars H* are mass eigenstates without mixing, and their mass m 18

given by
A
mie = M? + ?31)2, (2.4)
where M? = —u3. On the other hand, the neutral scalars hy, hy and hg are generally mixed,

and their mass terms are given by % di hiM?jhj, where

)\1 Re[)\ﬁ] —Im[/\e]
M? =202 [ Re[hg] %+ L(A3+ Ay + Re[As]) —1Tm[)g] . (25)
—Tm[\] —1m[)s) M2+ 1(A3+ A1 — Re[As)

As mentioned above, Im[A5] can be 0 by the redefinition of the phase of ®3. Then, the mixings
between neutral scalar states at tree level are caused by only one coupling constant Ag. For
simplicity, we consider this case, thus )5 is a real number.

Mass eigenstates of neutral scalars (Hy, Ho, H3) are defined by

3
H; =Y Rjihj, (2.6)
j=1

where the matrix R is an orthogonal matrix which diagonalizes the mass matrix as
RIMZR = diag(m%l,m%h,m%%). If the non-diagonal elements Rz and R;3 are nonzero,
they induce deviations of the Higgs couplings from the SM values at tree level. In order to
avoid them, in the following, we assume the alignment condition, A¢ = 0 [40]. Then, the
matrix R is an identity matrix (R;; = d;;), and the squared mass of each neutral scalar H;
(i =1,2,3) is given by the diagonal elements M?2:

m%{l = A\, (2.7)
2 2V

my, = M +§()\3+)\4+)\5)7 (2.8)
02

my, = M* + 5 (s 4 X = As). (2.9)



The scalar boson Hi(= hq) is the SM Higgs boson, and the value of \; is determined by the
mass of the Higgs boson, my, = 125GeV. As a result, the real free parameters in the Higgs
potential are M?(= —pu3), my+, mu,, mu,, A2, |A7|, and 67(= arg[\7]). We note that only
07 is the CP-violating parameter in the Higgs potential.

The Yukawa interaction in the model is given by

—Ly = Z Z ( L@t + QI (y9)ij®ad)p + LzL(ye)ZJ(I)ae;‘R)v (2.10)
a=11i,j=1

where @, are defined by using the Pauli matrix oo as ®, = io9®%. The fermion Q)

(Liz) is the left-handed isospin doublet of quarks (leptons), and ulp, dig, and €} are

right-handed isospin singlet of up-type quark, down-type quark, and lepton, respectively,

where i, 7 = 1,2, 3 is the indeces of flavors. In general, it is not possible to diagonalize both

of Yukawa matrices y}‘ and yj% (f = u,d, e) simultaneously, and it causes the FCNCs at tree

level [105]. In order to avoid it, we impose the Yukawa alignment proposed by Pich and
Tuzon [79];

vi =Gy, f=u,dye, (2.11)
where each (y is a complex number. Then, y}‘ and y]% can be diagonalized simultaneously,
and there is no FCNCs at tree level as in the SM. In the Yukawa sector, there are three
CP-violating phases 07 = arg[(s] (f = u,d,e).

The Yukawa interactions between each scalar mass eigenstate and the SM fermions are

given by
3 3 ey o
—Ly > Z Z Z i(sijlil}fiijR Hy, (2.12)
i,j=1 \ k=1 \f=u,d,e v
V2 _ .
+ o (*CUUiR(muiVij)djL + Catiin (Vijma, )d;r + CeViLmeiejR) H* 5 +h.e,

where all fermions are mass eigenstates, and my, is the mass of fermion f;. The matrix V is
the CKM matrix [106, 107].2 The constants /{]J‘i in eq. (2.12) are defined by

(2.13)

The relation between the Yukawa sector of the model and that of the THDM with softly-
broken Z5 symmetry [105, 108-110] is shown in refs. [40, 79].

3 Theoretical and experimental constraints

In this section, we consider some experimental and theoretical constraints on the model.
For simplicity, we discuss only the case where all (f (f = u,d,e) have the same absolute
value; |(y| = |Cq] = |Ce|- In this case, the Yukawa couplings except for CP-violating phases
are the same with that in the so-called Type-I THDM [108-110].

2In our analysis, we neglect the Kobayashi-Maskawa CP-violating phase in the CKM matrix because its
effect on the EDMs is neglegible.



First, we consider the constraints from the direct searches for the charged scalar boson
H#* according to refs. [82, 111, 112]. From the LEP results, the lower bound on the mass of
charged Higgs boson H* is given by my= > 80 GeV [97]. This bound is almost independent
on the value of |(¢|. As the production processes of H + at the LHC, we consider the
production from the decay of top quark ¢ — H*b and the associated production gg — H*tb
(gb — tH?T). In the mass region 80 GeV < mpy+ < 170 GeV, HT is dominantly produced
via t — H*b. By using the latest data at CMS [99], the upper bound on |(| is estimated
to be about 0.07 (0.27) for mpy+ = 80 GeV (160 GeV). In the mass region mg+ = 170 GeV,
the top quarks cannot decay into H¥b, and H* is dominantly generated via the associated
production gg — H*tb. By using the latest data at ATLAS [101], the upper bound on |(|
is estimated to be about 0.5 (0.6) for my+ = 200 GeV (400 GeV).

Second, we consider the constraints from the direct searches for the additional neutral
scalar bosons Hs 3 according to refs. [82, 112] in the case neglecting the CP-violating phases.
As the production processes of Hj 3 at the LHC, we consider the single production via the
top quark loop gg — Ha 3 and the bottom associated production gg — Ha 3bb (bb — Ha 3).
Since we assume that |(,| = |(4| = |(|, the production via the top quark loop is dominant.
If we consider the case that |(4| > |(y|, the bottom associated production is also important.
For mp, , < 2my (mp, 5 > 2my), the process Ha 3 — 77 (Ha3 — tt) gives a strong constraint
on |(¢|. By using the result of the search for Ha 3 — 77 in ref. [100], the upper bound on |(¢|
is estimated to be about 0.35 for mpg, = 200 GeV. On the other hand, the upper bound from
Hj 3 — tt is estimated to be about 0.67 for mp, = 400 GeV by using the result in ref. [98].

Third, we consider the constraints from the flavor experiments. The constraints on
the charged Higgs boson from various flavor experiments in softly Zs symmetric THDMs
are investigated in refs. [112-114]. According to ref. [114], under the assumption |(,| =
|Ca| = |€e| which corresponds to Type-I THDM, the most stringent constraint is given by
By — pp [102, 103]. The bound on |(f| depends on the mass of H*, and it is [(¢| < 0.33
for my+ =100 GeV and |(¢| < 0.5 for my+ = 400 GeV at 95% C.L.

Fourth, we consider the constraints from the EDM experiments. The EDM of a fermion
[, dy is given by the coefficient of the following dimension five operators;

e
LepM = —jffff“y(l%)fFuw (3.1)

where F),,, is the field strength of the electromagnetic field. From the ACME experiment [85],
the constraint from electric EDM (eEDM) is given by |d. + kCs| < 1.1 x 1072 ecm at 90 %
C.L., where C; is the coefficient of the dimension six interaction between electrons and
nucleons Cy(€iyse)(NN), and the constant & is about O(107%) GeV? e cm. We checked that
as discussed in refs. [40, 115, 116], in the parameter region where we discuss later, the typical
value of the second term is two orders smaller than the current constraint. Consequently,

as the constraint from the ACME experiment, we require that |d.| < 1.0 x 10729

ecm.

In the model, new scalars contribute to d. via 2-loop Barr-Zee type diagrams [117].
There are two kinds of diagrams shown in figures 1 and 2. In figure 1 (figure 2), the diagram
including a fermion loop (scalar loop) is shown. Since we assume that |(,| = [(q| = ||, the

largest contribution of fermion loop diagrams is given by the diagram including the top quark



Figure 1. A Barr-Zee type diagram with a Figure 2. A Barr-Zee type diagram with a
fermion loop. scalar loop.

loop, and values of the other fermion loop diagrams are negligibly small. As a result, fermion
loop diagrams are predominantly proportional to sin(6,, — 6. ), while scalar loop diagrams are
proportional to sin(f7 —6.). By using the destructive interference between 6; and 6,,, the cur-
rent eEDM constraint can be satisfied with keeping each CP-violating phase to be O(1) [40].

Latest constrains from the neutron EDM (nEDM) is given by the NEDM collaboration
as |dy| < 1.8x 10720 ecm at 90 % C.L [96]. By using QCD sum rule, d,, can be evaluated by

d, = 0.79d, — 0.20d,, + € (0.59dd0 + 0.30d§) /g3, (3.2)

where g3 is the strong coupling constant, and dqc (¢ = u,d) is chromo EDM [118-121]. Other
operators such as the Weinberg operator [122, 123] and four Fermi interactions [124], also
contribute to the nEDM. In the parameter region where we discuss later, the contribution
from the Weinberg operator is as large as that from eq. (3.2), while that from four Fermi
interactions is negligibly small [115]. Therefore, we consider only the contributions from
d, and the Weinberg operator.® Because of the assumption |(,| = |(4| = ||, the nEDM
is predominantly proportional to sin(6,, — 6,).

Fifth, we discuss the oblique parameters S, T', and U [125, 126], especially the T' param-
eter. In the scalar potential, \y — A5 and Im[\;] violate the custodial symmetry [127-133],
and they induce the deviation of the T" parameter from the SM prediction. Since Ay — A5 is
proportional to m%h — qui, it vanishes when the masses of H* and Hj are degenerated.
In addition, as shown in refs. [129, 131], Im[A7] does not contribute to the T" parameter at
one-loop level. Therefore, when we assume that mpg, = my+, new scalars do not contribute
to the T" parameter at one-loop level.

Finally, the extended Higgs sector is constrained theoretically by the conditions from
perturbative unitarity [89-92] and vacuum stability [93-95]. In our analysis, we employ
these conditions given in refs. [92] and [95].

4 The effective potential

In this section, we consider the effective potential of the model. In the calculation, the
neutral elements of ®; and ®5 are shifted by %gpl and %(g&g + ip3), respectively. Each
i (i =1,2,3) is a real constant field, and we do not consider the imaginary part of the
neutral elements of ®; since it can be 0 by an appropriate SU(2), transformation.

3In considering the contribution from the Weinberg operator, we take its absolute value because the sign
of it includes theoretical uncertainties [115].



At one-loop level, the effective potential at zero temperature is given by

Vr=o(p1, 92, 93) = Vo + Vi + Ver, (4.1)

where Vj is the tree level potential which is given in eq. (2.2), V; is Coleman-Weinberg
potential which is at one-loop level [134], and Vpor is the counterterms. The effective
potential is a gauge-dependent quantity [135]. We calculate loop diagrams in the Landau
gauge. Then, top quark ¢, weak bosons W+ and Z, photon ~, and the scalar bosons H*,
and Hi 23 contribute to the one-loop diagrams,* and V; is given by

~ 92
o Mk . m 3
Vi = E (—1) k647r2m% [log —Qs — 2] , (4.2)
k

where k is the label of the kind of particles in internal lines; k = t, W*, Z,~, H*, H,, H,, Hs.
The constant sy is 0 (1) if k is a scalar (fermion), and nj is the degree of freedom for k.
The symbol my is the field dependent mass of k£ and is a function of ¢1, 2, and 3, and Q
denotes the renormalization scale which is assumed to be the mass of the Z boson in our
numerical evaluation in section 6.

In order to determine the counterterms, we impose the following conditions,

OVp—
=0 =0, (i=1,23), (4.3)
a(pl P1=",
p2=p3=0
82VT:0 2
= M2, (i,7=1,2,3), 4.4
900y | ormv i (6 ) (4.4)
p2=p3=0

where M? is the mass matrix defined in eq. (2.5). The first condition determines the
vacuum and the second condition gives six independent equations. By using these conditions,
parameters in Vo except for those of 3, A2, and A7 can be determined. In order to fix left
three counterterms, we employ the MS scheme. In the calculation of the second derivative
in the renormalization conditions, NG bosons cause IR divergences, therefore, we use the
IR cutoff regularization where the mass of NG bosons at the vacuum myg is replaced by
the IR cutoff scale 1 GeV [136].

By using the effective potential at zero temperature, the triple Higgs boson coupling
Annh can be evaluated by [54, 55]

83 VT:()

880? p1=0,
p2=¢p3=0

Ahhh = (4.5)

The deviation in Appp from the SM prediction is defined as AR = (Appp — )\f,%)/)\thh, and
AR in the model at one-loop level is given by
1 { (s = M (g, — M) (i M2>3}

AR =
1271'2112771%]1

4.6
—— L (4.6)

in the Higgs alignment limit.

4We neglect the contribution from other SM fermions because they are enough small in the case that

|Gul = ICal = ICel-



At finite temperature, the effective potential includes the term from thermal effects in
addition to Vp—p;
V1,02, 93:T) = Vr=o + Vr, (4.7)

where Vr denotes the thermal effects, and it is given by

Vr = Z(—l)sk 2:2%4 /OOO dz z? 10g<1 + (—1)%H exp(—\/x2 + B%h%)), (4.8)

k

where § = 1/T [137]. For thermal resummation, we use the Parwani scheme, where the
field dependent masses m% in Vi and Vp are replaced by the masses including thermal
effects [138].

5 Electroweak baryogenesis in the model

In this section, we consider the baryon asymmetry generated via the charge transport by
top quarks at the electroweak phase transition. The charge transport by the top quarks is
investigated in the THDM in refs. [15, 16]. We consider the same situation in these references.

We assume that the velocity of the bubble wall v, is small, and we use the linear
expansions about v,,. In the following, the problem is discussed in the wall frame, where the
bubble wall is stationary. The radial coordinate in the wall frame which is perpendicular to
the surface of the bubble is denoted by z. The bubble wall is at z = 0, and the negative
direction of z is defined as pointing toward the center of the bubble (broken phase).

First, we derive transport equations for the chemical potentials of each particle from the
Boltzmann equation in the wall frame. We here assume that the baryon number is conserved,
and the weak sphaleron is not included. In order to derive transport equations, we use the
WKB approximation method [29, 34, 35, 86-88]. In addition, we neglect the mass of the
bottom quark and Higgs boson, because their effects are enough small according to ref. [35].

In the transport equations, effects of the strong sphaleron process [139, 140], W-
scattering, the top Yukawa interaction, the top helicity flips, and the Higgs number violation
are included [15, 34], and the rates of each process are denoted by I'ss, I'y, I'y, I'yy, and T',
respectively. The quarks in the first and second generations and the right-handed bottom
quarks are included in only the strong sphaleron process. Then, the transport equation
for the quarks in the first and second generations and the right-handed bottom quarks
can be solved analytically, and the chemical potentials for them can be represented as
functions of those of top quarks and left-handed bottom quarks. By using these solutions,
the transport equations for top quarks, left-handed bottom quarks, and Higgs bosons are
given as follows [15, 34, 35].

o Left-handed top quarks ()
v K1ty + 0w Kot (MP) 1 + wy — Ko Ty = 0,
— Ky iy — vy + 0 Ko o (MP) ug 4 Thopug + vy Ko Ty = — S (5.2)
o Charge conjugation of right-hand top quarks (¢)
VK1 githe + VKot (MP) pye + the — Ko 4Tge = 0, (5.3)
— Ky pthe — vty + 00 Kot (MP) uge + Tl ure + v Ko Tie = —Sp.



o left-hand bottom quarks (b)

v K1ty + w, — Koply = 0, (5.5)
— Ky pptty, — vwty + Dhoruy + 00 Ko p Ty = 0,

o Higgs (h)

VoK1 g, 4wy — KoL = 0,

— Ky npty, — vy, + T up + VKo pTh =0,

where S; in egs. (5.2) and (5.4) is defined as
Sy = —v Ky (MP0}) + vy Ko 160/ M (M?), (5.9)

where the functions M; and 6; are the absolute value and the phase of the localized top
quark mass. They are calculated by using solutions of the bounce equations for 1, @9, and
3. We define the functions ¢;(z) (i = 1,2,3) as the solutions of the bounce equations for
;. Then, M; and 6, are given by [16]

mg , . A o 2
Mi(2) = (63 + 2Crdm cos(On +0.) + 1632 (5.10
A9 A .
P “1( PalCulsin(0n + b.) )
829 zZ) = —ﬁazﬁ + azTan ( = = N 5.11
W) = gy B1 t eulCul cos(@n +6,) 10

where ¢p(2) = \/@3 + @3 and 0 (2) = Tan™" ($3/@2).

We explain the meanings of undefined parameters in egs. (5.1)—(5.9) in order. The
symbol p; (u;) for i = ¢, t¢, b, and h is CP-odd components of the local chemical potential
(the plasma velocity) of the particle 4, which is a function of the radial coordinate z. The
prime in the equations means the derivative by z. The functions given by K,; (a = 0-9,
i =t,b,h) are defined in ref. [34].> The symbol I'} , is the rate of the total scattering for i,
and T'; denotes the effect from the inelastic scatterings for ¢ which is given by

Ty = Do (14 9Kt 0)ptay, + (1+ 9K 1) + (1= 9K ) e

+ D (e — pw) + Ty (pe + pn + pee) + 2D (1 + pue), (5.12)
Tie = T (1= 0K e)puee + (1+ 9K )pts + (14 9K15)p )

+ 20 (pue + pe) + Ty (2h0e + pe + p1p + 2p00), (5.13)
Ty =Tss((1+9K1 ) + (L + 9K p)pp + (1 — 9K 1) pue)

+ Pw (o — pae) + Ty (oo + pan + pize), (5.14)
Ty, = ZI‘y(2uh + pt + iy + 2pe) + i (5.15)

% Actually, formulae in ref. [34] include some errors, for example, in the definition of Ks.i, which are
mentioned in ref. [35]. In our analyses, these errors have been collected, and our formulae are the same as
those in ref. [35] at the linear order of v.,.
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my, =1.29%x 1073,  m.=0.619, my=171.7, my = 80.379
mg =293 %1073,  m,=0.055 mp=2.89, m, = 91.1876
me =4.87 x 1074, m, =0.103, m, =1.746. (in GeV)

o = 1/127.955, ag = 0.1179.

Table 1. The input parameters of the SM parameters [40]. The masses of fermions and gauge
bosons are given in GeV. The coupling constants o and ag are the fine structure constant of QED
and QCD, respectively.

By solving the transport equations in egs. (5.1)—(5.8) with the boundary conditions
pi(z = +00) = 0 (i = t,t% b, h), we can obtain the distributions of the CP-odd chemical
potentials for each particle. Then, we can calculate the baryon asymmetry np normalized
by the entropy density s by the following formula [16, 29],

405T o1,

_ 45Fsph2)
B = 4720, g, T ’

40y

/0 dz B, fsph exp(— (5.16)

where g, = 106.75 is the effective degree of freedom for the entropy density at the electroweak
phase transition. The symbol Iy}, is the rate of the weak sphaleron which is evaluated as
Isph =~ 1.0 x 10797 by the lattice calculation [141]. The function up, is defined by using
the solution of the transport equations as follows:

1 1
uB, = 5(1 + 4K ) e + 5(1 + 4K )y — 2K tfige. (5.17)

In addition, the function fs,n(2) corresponds to the effect of the suppression of the weak
sphaleron rate for z > 0 caused by the nonzero VEVs, and according to ref. [16], it can be
evaluated by

2.4T
fsph = min (1, T e40v(Z>/T> , (5.18)
sp

where v(z) = \/$3(2) + #3(2) + B3(2).
6 Numerical evaluation for the baryon asymmetry of the universe

In this section, we show the results of our numerical evaluations for the phase transition
and the baryon asymmetry in the model. For the parameters in the SM, the values at the
scale of the mass of the Z boson are used. They are shown in table 1.

For the numerical calculation of some quantities on the electroweak phase transition,
for example, the nucleation temperature 7,,, we use CosmoTransitions [142], which is a set
of python modules for calculations about the effective potential. For simplicity, we consider
only the single-step phase transition.

For the electroweak baryogenesis, the condition v, /T;, 2 1, where v, = v(—00) is the
VEV at T' = T,, has to be satisfied in order to avoid washing out the generated baryon
asymmetry [9]. In the model, this condition can be satisfied due to the non-decoupling
effects of the additional scalar bosons H*, Hy, and Hs. In such a case, it is known that
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Figure 3. Contour plots of v, /T}, (red lines) and AR (black lines) on the plane of my, and my,
(= myg=). The input parameters are shown in eq. (6.1).

a sizable deviation of the triple Higgs boson coupling from that in the SM (AR defined
in section 4) is expected [53]. In figure 3, v,,/T;, and AR are shown for various masses of
additional scalar bosons. Input parameters for figure 3 are as follows;

M =30GeV, A=01, |\]|=08, 07 = 0.9,

6.1
ICe| = [Cu| = |Ca| = 0.14, 0, =04=28,  &=0,—0=0.05. (6.1)

We have confirmed that these parameters satisfy all the theoretical and experimental
constraints explained in section 3. In the gray region in figure 3, the electroweak phase
transition is the two-step one or the 2nd order one. We can see that in the region where the
1st order phase transition occurs, v, /T), is enough large for the electroweak baryogenesis,
and AR is expected to be about 30-80 % in the mass region for the figure. Since the
invariant mass parameter M is fixed at 30 GeV, the non-decoupling effects of the additional
scalars become larger in the heavier mass region, and v, /T,, and AR become larger too.
In figure 4, generated baryon asymmetry via the electroweak phase transition is shown
with the input parameters in eq. (6.1). The gray region in figure 4 is the same with that in
figure 3. For the calculation of the baryon asymmetry 7npg, the wall velocity v,, is assumed to
be just an input parameter and is fixed at 0.1. The black real line in figure 4 is the contour
of LT, = 4.0, where L,, is the width of the bubble wall and is determined by fitting the
bounce solution of v(z) with (1 — tanh ). In the region below this line, the generated
baryon asymmetry increases as the masses of the additional scalar bosons increase because
the phase transition is stronger as shown in figure 3. On the other hand, in the region
above the line L,,T,, = 4.0, the baryon asymmetry decreases as the masses of the scalar
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Figure 4. The generated baryon asymmetry is shown on the plane of mpy, and mpg, (= myg=).
Input parameters are shown in eq. (6.1). On the point in the pink regions, the observed baryon
asymmetry can be obtained.

bosons increase. This is because, as the phase transition is stronger, L., T, is smaller, and it
leads to the smaller baryon asymmetry. This behavior is discussed in ref. [143]. In addition,
for small L,, T, the WKB approach is not an appropriate approximation [29, 86-88]. In
the two pink regions, the observed baryon asymmetry can be explained with better than
95 % C.L. In these regions, AR is expected to be 35-55 %, and it would be tested at the
HL-LHC [144] and the future upgraded ILC [67, 145] and CLIC [146]. In the orange and
red regions sandwiched between the pink regions, the baryon number is overproduced.

The blue dotted lines in figure 4 are contour plots of the eEDM for d./|dSP| = 0, +0.1,
and £0.2, where [d®P| (= 1.0 x 107? ecm) is the current upper limit on |d.| [85]. On the
line of |d.|/|dS*P| = 0.0, two kinds of Barr-Zee type diagrams in figures 1 and 2 cancel each
other. The contours for the current upper limit d./|dSP| = £1.0 are located outside of
figure 4. Therefore, in all the pink regions in figure 4, the observed baryon asymmetry can
be reproduced under the current eEDM constraint. At future eEDM experiments, the upper
limit is expected to be improved by an order of magnitude [85]. Then, the region above the
line of d/|d$*®| = —0.1 and that below the line of d./|dS*P| = 0.1 will be excluded. Almost
all of the lower pink region can be thus tested by near-future improvement of the eEDM
experiment. The nEDM is about four orders smaller than the current upper limit in the
mass region shown in figure 4 because 6,, = 4. If 8, is different from 6,,, the nEDM increases,
however even in this case, the nEDM is about one order smaller than the upper limit.

In figure 5, dependence on A7 of the eEDM and that of the baryon asymmetry are
shown. The upper, lower left, and lower right figures are for § (= 6, —6.) =0, 6 = 0.05,

and § = —0.05, respectively. Input parameters for figure 5 are as follows;
mu, = mp, = myg+ = 330GeV, M =30GeV, X =0.1, 6.2)
Cul = [Cal = |G| = 0.15, O =04 =1.2. '
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Figure 5. Dependence on A7 of the eEDM and that of the baryon asymmetry for § = 0 (upper),
0 = 0.05 (lower left) and 6 = —0.05 (lower right). Input parameters are shown in eq. (6.2). On the
points in the pink regions, the observed baryon asymmetry can be obtained.

In the black regions, the electroweak phase transition occurs in multiple steps, and we do
not consider these points for simplicity. A typical value of v, /T, on points in figure 5 is
about 2.0, and in the pink regions, the observed baryon asymmetry can be obtained. The
pink regions in three figures are almost the same because the value of (, is fixed and the
generated baryon asymmetry is almost independent of (..

The blue lines in figure 5 are contour plot for the eEDM d,/|dS*P| = 0, 1.0 and —1.0.
In the yellow regions, |de| is larger than 1.0 x 1072 e cm, and it is excluded by the current
eEDM experiment. In the upper figure (6 = 0), the contribution from the Barr-Zee type
diagram including the top quark loop vanishes because sind = 0. Thus, the eEDM at
two-loop level is 0 on the lines of 67 — 6, = 0 and 07 — 6, = 7w, where the contribution from
Barr-Zee type diagrams including scalar loops also vanishes. In this case, almost all pink
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regions are excluded by the current upper limit, and the remaining small area will also be
excluded by one order improvement of the upper limit at future experiments of the eEDM.

In the lower left figure (6 = 0.05), the Barr-Zee type diagram including the top quark
loop gives a large contribution to the eEDM, and the excluded region by the current eEDM
data is drastically changed. Even in this case, there are some points where the two kinds of
Barr-Zee type diagrams are completely canceled by each other in the region |A7| 2 0.8. The
pink regions for 67 = 2 and 67 < —2 are excluded by the current eEDM experiments, while
those for —1 < 07 < 1 is allowed. By improvement of one order of magnitude in future
EDM observations, the wide part of the current allowed region can be explored.

The lower right figure is for 6 = —0.05. In this case, the sign of the Barr-Zee type
diagram including the top quark loop is opposite from that for 6 = 0.05. On the other hand,
the absolute value is the same with that for 6 = 0.05. Therefore, the allowed region (white
region) is shifted by 7 in the direction of #7 from that in the lower left figure (6 = 0.05),
since the Barr-Zee type diagrams including the scalar loop are proportional to sin(67 — 6,).
The pink region for —1 < 07 < 1 is excluded by the current eEDM experiments while those
for 67 2 2 and 07 < —2 still survive. By improvement of one order of magnitude in future
EDM observations, most of the pink region for #; < —2 and the wide parts of that for
07 2 2 can be explored.

7 Discussions

In this section, we give some comments on the evaluation of the generated baryon asymmetry
and the testability of the model in future experiments.

In the numerical evaluations in section 6, (-parameters are assumed to be |(,| = (4| = ||
for simplicity. In this case, the top quarks play an important role in generating the BAU
while the other quarks and leptons are negligible, because the Yukawa interactions respect
the mass hierarchy of the SM fermions. This situation can be changed by relaxing the
assumption |C,| =4 =|Cc|. For example, in the case of |(,| < ||, tau leptons can play an
essential role for the baryogenesis [147-149]. On the other hand, bottom quarks can also
provide the main source of the CP-violation [24-26]. In our model with aligned THDM,
these scenarios may also be possible, although it is out of the scope of this paper.

Furthermore, it can be considered to extend the model so that it includes flavor non-
diagonal Yukawa interactions between ®9 and the SM fermions. In such a case, the flavor
non-diagonal couplings are severely restricted by flavor experiments. Nevertheless, it is
known that there are some parameter regions where some of the non-diagonal interactions
can play an important role for EWBG, for example, t-¢ mixing [22, 23] or 7-x mixing [20, 21].

In deriving the transport equation in our model, quadratic and higher terms of vy,
are neglected for simplicity. Effects of the higher-order terms are investigated in ref. [35].
In the case that v,, = 0.1, it is expected to decrease the generated baryon asymmetry by
about 10-20 %. Therefore, by taking into account the higher-order terms, the regions of
overproduction of the BAU in figures 4 and 5 would be suitable for successful EWBG.

In our analysis, the WKB approximation method has been used to evaluate the BAU
generated via the electroweak phase transition. There is however another method, which
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is so-called the VEV Insertion Approximation (VIA) [150, 151]. Analyses by using the
WKB and the VIA methods are compared in refs. [27, 35, 143]. The generated BAU in the
VIA method is orders of magnitude larger than that in the WKB approximation. Thus, in
the case if we use the VIA, the regions of the correct value of the BAU would be changed
from the region for the successful baryogenesis in figures 4 and 5. Even in this case, it
would be able to obtain the observed BAU with satisfying the constraints in section 3 by
taking |(,| and |A7| to be smaller than our benchmark scenario with keeping the destructive
interference for the eEDM.

Next, we discuss how to test our benchmark scenario in the aligned THDM by various
future experiments. As shown in figure 4, the EWBG can be realized by introducing
the additional scalar bosons, whose masses are about 300-400 GeV. At future hadron
colliders such as the HL-LHC, these additional Higgs bosons could be detected by searches
for processes such as A — 77 and H* — tb [82, 112, 152-154]. The testability strongly
depends on the hierarchy among (-parameters. Furthermore, in this paper, we have assumed
that the neutral scalar bosons do not mix with taking Ag = 0. If this alignment is slightly
broken, decay branching ratios of the additional scalar bosons can drastically change due to
the appearance of Higgs-to-Higgs decay processes, and the testability of the model at the
HL-LHC can be much enhanced [82].

The additional Higgs bosons can also be tested at future flavor experiments such as
Belle-IT [155] and LHCD [156] by observing the processes like B — Xy, Bs — ptp~, and
the B%-BY mixing. In addition, by searching for the asymmetry between the CP-violation
in B~ — X7 and that in B® — X2, the CP-violating parameters ¢, and ¢4 would be
tested [24-26, 157, 158].

The CP-violating phases in the Yukawa interaction can be tested by the eEDM and the
nEDM as mentioned in section 3. The future eEDM experiment is expected to improve the
upper limit on |d.| by one order [85]. As shown in figures 4 and 5, by this improvement, most
of the regions in the figures can be tested. The upper limit on the nEDM is also expected
to be improved by one order of magnitude at future experiments [159]. As mentioned in
section 6, in the regions for the successful electroweak baryogenesis in figures 4 and 5, the
maximal value of the nEDM is one order smaller than the current upper limit. Therefore,
the parameter regions of our model would be further tested by future nEDM experiments.

In addition, if the additional neutral Higgs bosons are detected at the HL-LHC or
at future lepton colliders, the CP-violating coupling (. would be tested by observing the
azimuthal angle distribution of the hadronic decay of the tau leptons from the decays of Hs
and Hs at future et-e~ colliders such as the ILC [84, 160]. This would be useful to test
our model especially in the case that |(.| > |Cu|, |¢4| and 8. = O(1).

The strongly 1st order phase transition in our model can be tested by measuring
the deviation in the triple Higgs boson coupling via the di-Higgs production at future
high-energy colliders [58-68]. At the HL-LHC and the upgraded ILC with /s = 500 GeV
(1 TeV), the triple Higgs boson coupling is expected to be measured by the accuracies of
50 % [144] and 27 % (10 %) [67, 145], respectively. As shown in figures 3 and 4, the deviation
in the triple Higgs boson coupling, AR, is predicted to be 35-55 % for successful EWBG.
These deviations would be tested at the HL-LHC and the future upgraded ILC.
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Furthermore, GWs can also be produced from the 1st order electroweak phase transition
in extended Higgs sectors [73]. They would be detectable at future space-based GW detectors
such as LISA [161], DECIGO [162] and BBO [163]. Detailed analyses of this possibility will
be performed in our model elsewhere [164].

8 Conclusions

In this paper, we have evaluated the BAU in the charge transport scenario of top quarks
in the CP-violating THDM, in which Yukawa interactions are aligned to avoid dangerous
FCNCs, and coupling constants of the lightest Higgs boson with the mass 125 GeV coincide
with those in the standard model at tree level to satisfy the current LHC data. In this model,
the severe constraint from the electric dipole moment of electrons, which are normally
difficult to be satisfied, can be avoided by destructive interferences between CP-violating
phases in Yukawa interactions and scalar couplings in the Higgs potential. We have
proposed viable benchmark scenarios for EWBG in this model under the current available
data and basic theoretical bounds. We have found that the observed baryon number
can be reproduced in this model, where masses of additional Higgs bosons are typically
300-400 GeV. These additional Higgs bosons can be directly discovered at future collider
experiments. The effects of CP-violation in our benchmark scenario can also be tested at
future EDM experiments, flavor experiments and e™-e~ collider experiments. Furthermore,
the triple Higgs boson coupling is predicted to be 35-55 % larger than the standard model
value, which can also be tested at future hadron and lepton colliders.
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