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ABSTRACT: We discuss the effect of CP violation in the aligned scenario of the general
two-Higgs-doublet model, in which the Higgs potential and the Yukawa interaction provide
additional CP-violating phases. An alignment is imposed to the Yukawa interaction in
order to avoid dangerous flavor changing neutral currents. The Higgs potential is also
aligned such that the coupling constants of the lightest Higgs boson, which is identified
as the discovered Higgs boson with the mass of 125 GeV, are the same as those of the
standard model. In general, CP-violating phases originated by the Yukawa interaction and
the Higgs potential are strongly constrained by the current data for the electric dipole
moment (EDM). It is found that in our scenario contributions from the two sources of
CP violation can be destructive and consequently their total contribution can satisfy the
EDM results, even when each CP-violating phase is large. Such a large CP-violating phase
can be tested at collider experiments by looking at the angular distributions of particles
generated by the decays of the additional Higgs bosons.
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1 Introduction

In spite of the success of the standard model (SM) for elementary particles, there are
still phenomena which cannot be explained by this model. Baryon asymmetry of the
Universe (BAU) is one of such phenomena beyond the SM. It is well known that the
Sakharov’s three conditions have to be satisfied for viable baryogenesis which explains
the observed BAU from a baryon symmetric universe [1]; (1) existence of baryon number
changing interaction, (2) C and CP violation, and (3) departure from thermal equilibrium.
In the SM, these conditions can be satisfied qualitatively by the sphaleron transition, the
Kobayashi-Maskawa (KM) phase, and the strongly first-order electroweak phase transition
(EWPT), respectively [2]. However, the magnitude of CP violation by the KM phase is
numerically not sufficient to realize the observed BAU [3]. Furthermore, it turned out



that the EWPT is crossover with the measured value of the mass of the Higgs boson [4].
Therefore, a new physics model has to be introduced to explain the BAU.

So far, various new physics scenarios for baryogenesis have been proposed such as
those based on grand unification theories [5, 6], leptogenesis [7], electroweak baryogene-
sis (EWBG) [2] and so on. Among these scenarios, EWBG requires new physics at the
TeV scale, so that it can be tested at high-energy collider experiments as well as flavor
experiments and astrophysical observations. Thus, it is interesting and timely to consider
EWBG. For the successful scenario of EWBG, the Higgs sector is extended in order to ob-
tain additional CP-violating phases and the strongly first-order EWPT from the minimal
form assumed in the SM. For example, the EWBG scenario was discussed in models with
additional isospin singlets [8-10], doublets [11-17] and triplets [18, 19].

One of the important properties of models for the successful EWBG is the strongly
first-order phase transition, whose phenomenological consequence can be a prediction on
the large deviation in the triple Higgs boson coupling from the SM value [20], in particular,
in models with multi Higgs doublets [21]. Therefore, measuring the triple Higgs boson
coupling at future collider experiments, such as the high-luminosity upgrade of the LHC
(HL-LHC) [22], the the International Linear Collider (ILC) [23, 24], etc., is important
not only to explore the dynamics of electroweak symmetry breaking but also to test the
scenario of electroweak baryogenesis. In addition, the first-order phase transition can also
be tested by detecting the gravitational waves with a unique spectrum at future space-
based gravitational-wave interferometers such as LISA [25], DECIGO [26] and BBO [27]
as discussed in refs. [28-36].

The second important property is detecting the effect of CP violation in the Higgs
sector. The CP violation in extended Higgs sectors can be explored by the experiments for
electric dipole moment (EDM) [37-45]. By using high-energy collider experiments, it can
be tested by searching for the deviations from the SM predictions in the couplings of ZZZ,
ZWW [46, 47] and hf f [48-50]. Many methods have been studied in refs. [51-55]. The CP
violation in extended Higgs sectors can also be tested by measuring the angular distribution
of the decays of the SM-like Higgs boson and also those of the extra Higgs bosons [56-63].
However, such additional CP-violating phases are strongly constrained by the EDM data,
so that it is generally difficult to keep the sufficient amount of CP-violating phases.

In this paper, we discuss models with an extended Higgs sector which has multiple
sources of CP-violating phases. We investigate the possibility that the effects of CP vio-
lation on the EDM are destructive each other, while each CP-violating phase can play an
important role of EWBG. We focus on a general two-Higgs-doublet model (THDM) [64]
as a simple example, in which CP-violating phases appear in the Higgs potential and in
the Yukawa interaction. The general THDM, however, introduces dangerous flavor chang-
ing neutral currents (FCNCs) mediated by Higgs bosons. Thus, we impose the so-called
Yukawa-alignment where two-Yukawa interaction matrices for each charged fermion are
proportional to each other [65]. In addition, we impose another alignment for the Higgs
potential such that the Higgs boson with the mass of 125 GeV has the same couplings with
the SM particles as those of the SM Higgs boson at tree level because of the measurements
of the property of the discovered Higgs boson at the LHC [66, 67].



It is found that the dominant contributions from the Barr-Zee (BZ) diagrams [68]
to the EDM are destructive between fermion-loops and additional scalar boson-loops by
keeping O(1) CP-violating phases and therefore they can be significantly suppressed by

the cancellation.!

Even when the EDM data can be satisfied by the consequence of the
destructive cancellation, each CP-violating phase is not small, so that the model can be
tested at future collider experiments by measuring angular distributions of particles gener-
ated from the decays of additional Higgs bosons. Furthermore, we confirm that the above
scenario can be perturbatively stable up to a scale much higher than the TeV scale by the
analysis using renormalization group equations (RGEs).

This paper is organized as follows. In section 2, we give a brief review of the THDM
with CP violation in the Higgs potential and the Yukawa interaction. Then, in section 3,
we discuss the current constraints from electron and neutron EDMs. We then explain the
destructive interference between the BZ contributions. In section 4, we consider the collider
phenomenology to test the CP-violating phases in our model. In section 5, we discuss the
scale dependence of the parameters in our scenario by the RGEs. Finally, we summarize
our results in section 6.

2 Two Higgs doublet model

We consider the general THDM in which the scalar sector consists of two isospin doublets
®1 > and the other particle content is the same as the SM. In this model, the scalar potential
V and the Yukawa interaction term Lyykawa contain additional CP-violating phases.

2.1 Higgs potential
n any basis for the two 1sodoublet fields 1, P'2), the general Higgs potential 1s given by
I basis for th isodoublet fields (9’1, ®’ h 1 Hi ial is gi b

V= — i} (@]0") - 5(@0's) — [wi(@]e) +he

1 1
+ N L@ T21)7 + DN2(@58)7 + N (@]01)(2]25) + XNa(@58') (9] 9'2)

1

+ { [2)\’5(@’{@’2) + No(@'10) + X7(c1>';q>'2)} (@1d5) + h.c.} , (2.1)

where p/ %72 and X234 are real, while /' § and N5 67 are complex. The potential is un-
changed under the U(2) transformation between the doublet fields. When the neutral com-
ponents of the doublet fields get the vacuum expectation values (VEVs), ((9"%), (#'9)) =
(v1€%1 //2, v9e%2 /4/2), so-called the Higgs basis [70, 71] can be realized by the U(2) trans-

formation as
P\ cos 3 sin 3 e 1 0 d'q (2.2)
Py |\ —sinfB cosp 0 e % o'y |7 '

'Recently, in ref. [69] another scenario based on the cancellation of the BZ diagrams has been discussed

in the general THDM without the alignments in the Yukawa interaction and the Higgs potential. In that
paper, the cancellation occurs between the diagrams of fermion-loops and gauge boson-loops.



where tan 5 = vy /v1. The two doublet fields ®; and Py are parametrized as

Py = ¢ Py = r (2.3)
T\ e r i) ) T a(hg i) ) '

where G+ and G° are the Nambu-Goldstone bosons and v = 1/v? + v3 = (vV2Gr)~'/? with
G being the Fermi constant. In the Higgs basis, the potential is rewritten by

V== (@] @) - 3(@les) - [u3(@]@) + e
1 1
+ §A1(<1>}<1>1)2 + iAQ(@;%)? + A3(R10)) (PLD2) + Ay (1D 1) (D] Do)
1
+ { {2A5(¢}q>2) + X(D1D)) + A7(<I>;cb2)] (®1dy) + h.c.} : (2.4)

These parameters, u? and \;, can be expressed by ' # and N; (see appendix A), and ,U,%,Q

and A1 234 are real, while u% and A5 7 are complex. The stationary conditions

oV
0= —5 ) (2.5)
8h? y=(P1)
Do=(P2)
lead to
1 1
M% = 5)\17]2’ M% = 5)‘6’02' (26)
The remaining demensionful parameter is redefined as M? = —pu3. The squared mass of
the charged Higgs boson is given by
1
ma. = M?+ 5)\31)2. (2.7)

The squared-mass matrix for the neutral Higgs bosons in the basis of (h{, h, hY) is given by

82V )\1 Re[)\ﬁ] —Im[/\ﬁ]
2
M= ey =0 | Relel 2430t Mt Relrs)) —1Tm[As)
i S| P1=(P
I aia) —Im[)g] —1Im[)s] M2+ 13+ 1—Re[Xs)) u

(2.8)

This is diagonalized as RT M?*R = diag(miﬂ), miIO, quo), where R is the orthogonal ma-

1 2 3

trix. The mass eigenstates of the neutral scalars are expressed as
h = Ri;H;. (2.9)

In the model, one of the phase of parameters can be absorbed by redefinition of the
doublet fields. Consequently, the potential has 11 parameters: v, M, X123 4, |A56,7| and the
2 physical phases. Hereafter, we take Im[A5] = 0 by using the phase redefinition, (@I@g) —
e—arg[As]/ 2((1)}(1)2), and we also redefine the other complex parameters as ,u%e_ arg[As]/2 _,
13, Aee™ arg[As]/2 _y Ao and Ape—2r8lsl/2 5 ).



We impose the condition of the potential alignment,
A =0, (2.10)

in Which R;; = d;;, so that the neutral scalar bosons do not mix with each other. The
squared masses of the neutral scalars are then given by

m%[? = \0?, (2.11)
1

M = M? + 5 s+ + Re[\s])v?, (2.12)
1

migg = M? + 5 s+ A — Re[As])v?. (2.13)

We identify HY as the discovered Higgs boson with the mass of 125 GeV, and we consider
that the other Higgs bosons HJ, H:? and H* have larger masses. Consequently, there are
7 free parameters which can be chosen as follows

mHg,mHg,mHi,M,)\g,])q\ and 07, (2.14)
where 07 = arg[\7] € (—m, 7).

2.2 Yukawa interaction
The Yukawa interaction term is given by

2
Lyukawa = — Z (Q’Ly’Z,k@ku’R + Q1Y ar®ed R+ L'y o p ®'ke' R+ h-C-) ,  (2.15)
k=1

where Q'; (L'z) is the left-handed quark (lepton) doublet, and «'g, d'r and €' are the
right-handed up-type quark, down-type quark and charged lepton singlets. In eq. (2.15),
&', = ioy®'}, and 3/ 7.k (f =u, dand e) are 3 x 3 complex Yukawa coupling matrices. The
Yukawa interaction term can be also expressed in the Higgs basis as follows

2

Lyukawa = — Z (Q'Lyl,ki’ku'ﬁt + Q 1Y ®rd g + L' Ly Pre' g + h-C.) ; (2.16)
k=1

where the Yukawa coupling matrices are expressed as

Yp1 = (y'ﬁlei&) cos 3 + (y/me@) sin 3, (2.17)
Ypo = — (y'fjle‘fl) sin B + <y'f726"52) cos f3. (2.18)

In the mass eigenstate of the fermions represented as those without a prime, eq. (2.16) is
rewritten as

_ M, - - - M
Lyukawa = — QF (\/ﬁvuq)l + Pu%) ur — Qf <\f2vd¢’1 + Pd‘I’2> dr

B M,
— Ly, (\60(1)1 + peq)2> er + h.c., (2.19)



Model Cu @ G
Our model arbitrary complex | arbitrary complex | arbitrary complex
Type-I THDM 1/tan g 1/tan g 1/tan g
Type-II THDM 1/tan g —tan 8 —tanf
Type-X THDM 1/tan g 1/tan g —tanf
Type-Y THDM 1/tan —tan 3 1/tan

Table 1. (s factors in the THDMs. The names of the models are referred to refs. [65, 74].

where Q} = (ur, Vexmdr)T and QdL = (VCTKMuL,dL)T with Vekwy being the Cabibbo-
Kobayashi-Maskawa (CKM) matrix. In the above expression, My are the diagonalized-mass
matrices for the fermions and py are the general complex 3 x 3 matrices. The off-diagonal
elements of py generally induce FCNCs which are strongly constrained by flavor experi-
ments.

In order to avoid such FCNCs, we impose the Yukawa-alignment proposed by Pich
and Tuzon [65] as

Yr2 = Cr Y1, (2.20)

where (y are complex values. Thus, yr1 and yso are diagonalized at the same time, and
then py is expressed by p, = TQMUC; and pg. = ?Mdﬁgd,e. There is another prescription
suggested by Glashow and Weinberg [72], in which a Zs symmetry is imposed to the
Higgs sector. The doublet fields are transformed as ®’;y — ®'; and &'y — —®’5 under
the Z symmetry. One of the Yukawa matrices ¢y  is then forbidden. There are four
types of Yukawa interactions depending on the Z, charge assignment for the right-handed
fermions [73, 74]. The (s factors in each model are summarized in table 1.

The Yukawa interaction term can be written by the mass eigenstates of the fermions

and the Higgs bosons as follows:

Eyukawa o= Z

f:u7d’e

V2 B B _
- {—CuuR(MJVCKM)dL + Caur,(VoxmMa)dr + CeVLMeeR} H* +hec.

3
frMefr+>  fi <J\ffn§> frH? + h.c. (2.21)

J=1

J

We introduce Ky as the coupling factors for the interactions of the neutral Higgs bosons

and fermions defined as

#p = Raj + [Raj + (=211 Rag] [¢yle! 721007, (2.22)
where 6y = arg[(¢] € (—m, 7] and I, = 1/2,I; = I. = —1/2. As we mentioned above,
Rji = 01 is taken, so that x factors are written as

Ky =1, (2.23)
K7 = [¢ple TP, (2.24)
K} =i(—2I7)K7}. (2.25)



We can see that the Yukawa couplings for HY do not contain the CP-violating phases at
tree-level. On the other hand, those of HS,S have the CP-violating phases, and thus they
can contribute to the EDMs.
2.3 Kinetic terms of the scalar fields
The kinetic term for the scalar doublet fields can be rewritten by

Lyin = | D@1 + |D,®'5? = |D,®1 > + | D, P2, (2.26)

where D), is the covariant derivative given by D, = 0, + igg"Q—aWﬁ + igléBu with go
and g; being the SU(2); and U(1)y gauge coupling constants, respectively. The trilinear
Higgs-gauge-gauge type couplings are given by

3

Lu; Ro (2 g ey T2 ) o 2.27

klnDZ 14 v o + v o i ( )
j

where my = gov/2 and myz = /g3 + g% v/2. In the alignment limit Rj; = d;z, the
couplings of HYVV (V = W, Z) are the same as the SM ones, and those of HYVV and
HQVV vanish at tree level.

2.4 Theoretical and experimental constraints

The parameters in the potential are constrained by taking into account the perturbative
unitarity [75-78] and the vacuum stability [79, 80]. In addition, the electroweak S, T" and
U parameters [81, 82] constrain the masses and mixings of the Higgs bosons. When we
impose myg, = my+ and A¢ = 0, new contributions to the 7' parameter vanish at one-
loop level, because of the custodial symmetry in the Higgs potential [83-87]. Furthermore,
the constraints from B physics should be considered [88]. The constraint on the mass
of charged Higgs bosons and ¢, in the Yukawa-alignment scenario has been discussed in
ref. [89]. For example, for my+ = 200GeV, we estimate the upper limit of |(¥(4| to
be 0.32 (2.4) for arg[(¥¢s] = 0 (1) by using the relation of the constrained combination

CaCa/miy s for |G| < [Cal.

3 Electric dipole moment

The Hamiltonian of the EDM for non-relativistic particles with the spin S can be de-

scribed by
S
Hgpym = —dy— - E, (3.1)
|51
where E is the external electric field. Under the time reversal transformation T(g ) = -S

and T(E) = +E, the sign of this term Hgpy is flipped. Therefore, if the EDM is nonzero,
time reversal invariance is broken, then the CPT theorem implies that CP symmetry is
also broken. In terms of the effective Lagrangian, the EDM dy for a fermion is written as

ds —
Lepm = —gffaw(i’Y‘r))fFum (3.2)



where F),, is the electromagnetic field strength tensor and o# = %['y“,fy” ]. The neutron
EDM receives the additional contribution from the chromo-EDM (CEDM) dqc for a quark
q being expressed as
dC
Lcepm = —?qqaw(i’f)unm (3.3)
where the G, is the QCD field strength tensor.

The electron and neutron EDMs are constrained by various atomic and molecule exper-
iments [41, 43] as follows. First, the ACME collaboration gave the upper limit |d. +kCg| <
1.1x107% e cm at the 90% confidence level (CL) [90] by using the thorium-monoxide EDM,
where Cg is defined by the coefficient of the following dimension six operator

L D Cg(eiyse)(NN), (3.4)

with IV being a nucleon. The coefficient k is given by k ~ O(1071%) GeV? e cm [43]. In our
benchmark scenario, which is explained below, the contribution from kClyg is typically two
orders of the magnitude smaller than the current bound, according to the discussion given
in refs. [41, 43]. Therefore, we can safely neglect this contribution, and we simply impose
the bound |d.| < 1.1 x 1072 e cm (90% CL) in the following discussion.

Second, very recently the nEDM collaboration updated the constraint on the neutron
EDM as |d,| < 1.8 x 10726 e ecm (90% CL) [91]. In our analysis, the neutron EDM is
estimated by using the following QCD sum rule [42, 92-94]:

dp = 0.79dgq — 0.20d,, + €(0.59d5 + 0.30d5) /g3, (3.5)

where g3 is the QCD gauge coupling constant. There are the other contributions to the
neutron EDM from the Weinberg operator £ D %C’WGZVGZ’”"GCU“ and the four-fermi
interaction £ O Cyp (ff)(fivsf'). However, in our benchmark scenario, the contribution
from Cy (Cr) is typically two (more than two) orders of the magnitude smaller than the
current bound, according to the discussion given in refs. [37, 41, 43] (ref. [41]). We thus
simply apply eq. (3.5) to our analysis.

Finally, the bounds from the other EDMs of atoms are satisfied by considering the
constraints for the above electron and the neutron EDMs. Consequently, what we need to
take into account is the contributions from dy (f = e, d and u) and dS (¢ = d and u).

The dominant contribution to df appears from the two-loop BZ type diagrams [68].
We note that the one-loop contributions to dy are negligibly smaller than those from
the BZ diagrams, because the one-loop contribution has two additional powers of small
Yukawa couplings for light fermions with respect to the BZ diagrams. In fact, we obtain
de(1-loop) ~ O(10734) e cm, while d.(2-loop) ~ O(10727) e c¢m in the typical input pa-
rameters with O(100) GeV of the masses of additional Higgs bosons and the x factors
of O(1) [37].

The BZ diagrams contain the effective H;-)VOV (VO = ~,Z) and H*W T~ vertices.
The BZ contribution to dy is decomposed into the contributions from fermion-loops, Higgs
boson-loops and gauge bosom-loops as follows

dy = dy(fermion) + dy(Higgs) + df(gauge). (3.6)



> >
> >

(a) Fermion-loop. (b) Higgs boson-loop.

Figure 1. BZ type diagrams contributing to the electron EDM.

Furthermore, each contribution can be classified as
dy(X) = d}(X) + dF (X) + d} (X), (3.7)

where d'}(X ), d? (X) and d?/(X ) are the contributions from diagrams with v, Z and W
exchange, respectively. The explicit expressions for each component of dy are given in
appendix B in the Yukawa-aligned THDM. The gauge boson-loop contributions d.(gauge)

are proportional to Z?’:l lelm[/-ij ].2

Thus, by imposing the potential alignment R;; =
d;; this contribution vanishes. In addition, it is confirmed in refs. [39, 41] that non-BZ
type diagrams at two-loop level with a Higgs boson mediation are also proportional to
Z?Zl leIm[né], so that they vanish in the alignment limit. Therefore, the dominant
contributions arise from the Higgs boson and fermion-loops as shown in figure 1.
Requiring the destructive interference between the fermion-loop and Higgs boson-loop
in order to realize d, ~ 0, we obtain the following relation assuming the extra Higgs boson

masses to be nearly degenerate and 65 = 0,

(A1 + AZ17 + AWV IW) |Gl sin(0y — 0c) ~ — (BYJY + BZJZ + BW JW) | \7|sin(67 — 6.),

(3.8)
where A and B are the constant factors:
2 2
AT = % sin? ew%, (3.9)
AZ:1(1—4sin29W)(3—8sin29W)@’ (3.10)
3 cos? Oy V2
2
W _ oMYy
AY = 3?’ (3.11)
BY = 4sin® Oy, (3.12)
1(1— 4sin?0y)
B =—-2 " "W 082 1
5 cosZ iy cos 20y, (3.13)
1
BY = ~% (3.14)

2When we take all the neutral Higgs bosons degenerate in mass, d. also vanishes because of the orthog-
onality of the R matrix [41].



my =129 %1073, m,=0.619, m;=171.7,
mg =293 x 1073, m, =0.055, my = 2.89,
me = 0.487 x 1073, m, = 0.103, m, =1.746 (in GeV).

Qe = 1/127.955, myz = 91.1876 GeV, mpy = 80.379GeV, «ag=0.1179.

A=0.22453, A=0.836, p=0.122, 7 =0.355.

Table 2. Input values for the SM parameters at the scale of mz. We refer to refs. [95, 96] for the
fermion masses at mz. The other parameters in the table are taken in ref. [97]. The parameters in
the last line are the Wolfenstein parameters of the CKM matrix [97].

and I and J are the loop functions depending on the masses of the extra Higgs bosons:

IV:2/1dz {1—(1—4 cYH(z),  (V=+and 2), (3.15)
0 z
L2212 g
IW:/O dz=— {3—2} CYVH(2), (3.16)
JV = 2/1 dz(1— z)ng(z), (V=v,Z and W), (3.17)
0

where C’)G{{/I (2) are given in appendix B, and its argument mj denotes the mass of the
extra Higgs bosons in the loop. From eq. (3.8), it is clear that the two independent phases
f,, and 67 can be taken such that the fermion- and the Higgs boson-loop contributions to
d. cancel with each other.

We numerically calculate the electron EDM by using the input parameters in the SM in
table 2. As we mentioned in section 2, we take m g9 = mp= in order to avoid the constraint
from the T parameter in the following analysis. In figure 2, the electron EDM is shown by
the contour plot as a function of m g and mpy= (= myy) with (6y, 04, 0, 07) = (2,0,7/2,1),
|IA7| = 0.3, |¢u| = 0.01, |(g| = 0.1 and |(.| = 0.5 at the scale mz. The green solid line denotes
d. = 0 and the area between green dashed lines is the allowed region against the constraint
from the electron EDM. It is seen that d. is getting close to 0 when the masses of the
additional Higgs bosons are taken to be O(200) GeV. If one of the masses is taken to be
much larger than that of the others, d. is getting larger because the cancellation becomes
weaker. If all the masses are simultaneously taken to be larger up to about 400 GeV, d.
becomes larger because of the same reason. If they are further taken to be larger, d. turns
out to be decreasing due to the decoupling behavior of the additional Higgs bosons.

In figure 3, the electron EDM is shown by the contour plot as a function of 6, and 67
in the case with myo = 280, mpy= = 230, |A7| = 0.3, |¢u| = 0.01, |¢4] = 0.1 and |(.| = 0.5.
The left (right) panel corresponds to the case with 6; = 0 and 6, = 0 (7/4). Similar to
figure 2, the green solid line denotes d, = 0, and the area within dashed lines is allowed
by the constraint from the electron EDM. It is seen that |d.| becomes maximal at around
(0y,07) = (£7/2,£m/2) in the left panel. We find that there are regions satisfying d. ~ 0
away from the origin, in which the destructive interference works successfully. In the right

~10 -



M) [GeV]

200 40 600 800 1000
myg [GeV]

Figure 2. Contour plot for the electron EDM d, in the unit of 10729 ¢ cm as a function of m HY and
myg=+ (= mHg) with (0y,04,0.,07) = (2,0,7/2,1), |A7] = 0.3, |¢u| = 0.01, |(q] = 0.1 and || = 0.5
at the scale myz in the panel. The green solid line denotes d. = 0 and the area between the green
dashed lines is the allowed region against the constraint from the electron EDM.

(64,6e)=(0,Pi/4)

10.0
7.5
5.0
25

-2.5
-5.0
-7.5
-10.0

Figure 3. Contour plot for the electron EDM d, in the unit of 1072 e cm as a function of 6,, and
07 in the case with mpyo = 280, mpy+ = 230, |A7[ = 0.3, |Cu| = 0.01, [¢a| = 0.1 and [{c| = 0.5. The
left (right) panel corresponds to the case with 85 = 0 and 6, = 0 (7/4). The green solid lines denote
d. = 0 and the area between the green dashed lines is the allowed region against the constraint
from the electron EDM. In the right panel, the point marked by the star (0,,07) = (1.2,—1.8) is
the benchmark point.

panel, the shape of the contour is shifted to the upper-right region from that of the left
panel. Similarly, we find the regions satisfying d, ~ 0 away from the origin.

From the discussion above, it is clarified that CP-violating phases of O(1) are allowed
under the constraints from d. and d,,, because of the destructive interference. It is also
shown that the masses of O(100) GeV of the additional Higgs bosons are required to realize
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M =240, mpg =280, myo =230, my==230 (inGeV).
|Cu| = 0.01, |4 = 0.1, |Ce| = 0.5, A7 =03, A2 =0.5.
0, =12, 04 =0, 0. = 7/4, 07 =—1.8 (in rad).

Table 3. Input values for the THDM at the scale my.

the destructive effects. We note that in the parameter region allowed by d. the neutron
EDM is typically two orders of the magnitude smaller than the current upper limit. We
set the benchmark point given in table 3. This point is marked as the star in the right
panel of figure 3.

There are several plans of the future experiments for the electron and neutron EDM.
For example, the sensitivity for the electron and neutron EDM might reach around 10~3°
e cm [98] and 10727 e cm [99], respectively. The improvement for the electron EDM
makes the widths of the allowed region in figures 2 and 3 about 1/10. On the other hand,
the improvement for the neutron EDM can give the upper limit for 8,. However, in our
scenario, the predicted value of the neutron EDM is two orders of magnitude smaller than
the current bound. Therefore, the one-order magnitude improvement does not change the
allowed region given in figures 2 and 3. In addition to the above mentioned improvements
of the measurement of EDMs, the sensitivity for the neutron EDM can further be improved
to be 10728 e cm level by using spallation neutron sources [100]. Moreover, there is a plan
to measure the proton EDM with the accuracy of 1072 e c¢m level [101]. These future
experiments will be able to play a complementary role to prove our scenario.

4 Collider signals

4.1 Overview

As we have discussed in the above section, the masses of the additional Higgs bosons Ha,
Hs and H* have to be O(100) GeV in order to realize the cancellation of the contribution
from the Barr-Zee diagrams. On the other hand, the couplings of the SM-like Higgs boson
h(= H,) are the same as those of the SM Higgs boson at tree level, because we have imposed
the alignment limit to the Higgs potential; i.e., R = 1. Therefore, the phenomenology
for the additional Higgs bosons can be important in order to test our scenario. In what
follows, we first discuss the production mechanism of the additional Higgs bosons at hadron
colliders. We then investigate their decays, in which we can extract the effect of CP-
violating phases by looking at the decay products of these Higgs bosons.

4.2 Productions of the additional Higgs bosons

In the scenario with the potential alignment, the HoVV and HsVV (V = W, Z) vertices
vanish at tree level. In addition, for the charged Higgs bosons the H¥W ¥ Z vertex generally
does not appear at tree level in THDMs [102-104], because we can define the Higgs basis,
see eqs. (2.2) and (2.3). Furthermore, in general the H*W T~ vertex does not appear at
tree level in any kind of extended Higgs models, because of the U(1)ey, invariance. The
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Figure 4. Cross section for gg — ¢° (left) and gg — bbg° (right) at /s = 13TeV (¢° = H, or
Hs). We take |(,| = 0.01, |(q| = 0.1, 6, = 1.2 and 65 = 0.

additional Higgs bosons can then be produced via the Yukawa interactions as follows:

g9 — ¢° (gluon fusion), (4.1)
gg — tt¢°  (top quark associated production), (4.2)
g9 — bb¢?  (bottom quark associated production), (4.3)
gb — H*t (gluon-bottom fusion), (4.4)

where ¢° is Hy or H3. They can also be produced in pair via the s-channel gauge boson
mediations;

qq — Z* — HyHj, (4.5)
qq — W* — HT ¢,
qq@— Z* /v — HTH™.

Let us first consider the processes induced by the Yukawa interaction. The dominant
cross section for ¢¥ is provided from the gluon fusion process given in eq. (4.1) whose value
is estimated by

(¢ — gg)

L'(h — gg)sm’ (4.8)

(99 — ¢°) = o(9g — h)sm x
where o(gg — h)sy is the cross section for the SM Higgs boson, and T'(¢° — gg) [['(h —
g9)sm) is the decay rate of the ¢° — gg in our scenario [h — gg in the SM]. The value
of (g9 — h)sm can be referred from the LHC Higgs Cross section Working Group [105]
at N3LO in QCD. The cross sections for the top and bottom quark associated production
can also be estima:ced by atst—z[ x |Cu|? and O'%\g X [¢q)* with o3 and a%\}/f
section for gg — tth gg — bbh in the SM, respectively. According to [105], o

being the cross
SM SM
tth bbh
are almost the same value for a fixed value of my; e.g., they are given to be about 120
(100) fb at NLO in QCD, where m;, = 200 GeV and /s = 13 TeV are taken. Thus, the

cross section for the top quark associated production is negligibly small, because we have

and o

taken |¢,| = 0.01 as the benchmark. The cross sections for the gluon fusion and the bottom
quark associated processes are shown in figure 4. It is seen that the cross section of the
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Figure 5. Cross section for gb — H~t at /s = 13 TeV. We take |(,| = 0.01, |(4| = 0.1, 6, = 1.2
and Gd =0.

gluon fusion process is typically one order of the magnitude larger than that of the bottom
quark associated process.

For the charged Higgs bosons, if they are lighter than the top quark mass, they can
be produced via the top decay t — H*b. However, such light charged Higgs bosons have
already been highly constrained by the current LHC data [106, 107]. For instance, the upper
limit on B(t — H*b) is given to be of order 1073 at 95% CL assuming B(H* — 7%v) =
1 [107]. We thus consider the case with the heavier charged Higgs bosons mpy+ > my,
in which they can be produced via the gluon-bottom fusion process given in eq. (4.4).
We evaluate the production cross section by using CalcHEP_3.4.2 [108] with the parton
distribution functions of CTEQ6L [109]. In figure 5, we show the production cross section
of gb — H*t process as a function of mye at LO in QCD with /s = 13TeV. NLO
corrections in QCD have been discussed in refs. [110, 111].

As mentioned above, there are pair production processes given in eqs. (4.5)—(4.7).
Differently from the Yukawa induced processes, their cross section is determined by the
gauge coupling for a fixed value of the mass of the additional Higgs boson. Therefore,
even when we take very small values of the (; parameters, these production processes
can be important. Again, we use CalcHEP_3.4.2 and CTEQ6L for the evaluation of the
cross section. The cross section is shown in figure 6. We see that these cross sections
can be larger than those given by the Yukawa induced processes in the wide range of the

mass region.

4.3 Decays of the additional Higgs bosons

We discuss the branching ratios of the additional Higgs bosons. In the alignment limit
Rk = 0k, the additional Higgs bosons can mainly decay into a fermion pair. They can also
decay into a (off-shell) gauge boson and another Higgs boson if it is kinematically allowed.
In addition to these decay modes, we can consider loop-induced decay processes such as
H2073 — 7, 27,99 and H* — W*Z W*~. Except for the HS,?, — gg, the branching ratios
of loop-induced processes are negligibly small; i.e., BR(H%3 — yy/Z~) and BR(H* —
W*Z, W*y) [104] are typically smaller than O(107%). In our benchmark point given in
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Figure 7. Branching ratios of HY (left), HY (center) and H* (right) as the function of |(.| with
the fixed parameters given in table 3. The vertical line denotes the upper limit |(.| > 0.58 by the
electron EDM.

table 3, the main decay modes of the additional Higgs bosons are given as follows

HY — bb,ce, 7717, 99, WE*HT, Z*HY, (4.9)
Hg — bb,ce, 77T, g9, 4.10)
H* - tb, 750 4.11)

The explicit analytic formulae for the above decay rates are given in appendix C.

In figure 7, we show the branching ratios of HY (left), HY (center) and H* (right) as a
function of || with the fixed parameters given in table 3. In this case, the upper limit of
|Cel| is given to be 0.58 from the constraint of d., which is denoted by the vertical solid line.
For the decay of HY, HY — W**H¥ and H) — Z*HY are dominant in the wide range of
|Ce|. On the other hand, HY — 77 can be important in the case with larger values of ||,
whose branching ratio can be maximally about 20%. For the decay of Hg, the behavior
of BR(H) — 77) is similar to that of HY. However, because of the absent of the decays
into a gauge boson and a Higgs boson the value of BR(HY — 77) increases as compared
with BR(HY — 77). In fact, it can be almost 100% with |(.| > 0.5. For the decay of
H?, it is seen that BR(H* — 7%v) can be larger than BR(H* — tb) with |¢.| > 0.4.
Therefore, H373 — 77 and H* — 7% can be important in our scenario. The decays of the
heavy scalars into 7 leptons have been looked for at the LHC. If the masses of the heavy
scalars are taken to be 200 GeV, the observed upper limit for the gluon-fusion cross-section
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axis is defined along with the direction of 7~ on the rest frame of H ]Q .

is given by O(100) fb [112] which is roughly two orders of magnitude larger than our cross
section. Thus, we can safely avoid the constraint from the current LHC data.

4.4 Angular distribution

If the additional Higgs bosons are produced, the CP-violating phases can be measured from
their decay products at collider experiments. In our scenario, the CP-violating phases from
the Yukawa interaction affect angular distributions of such decay products. On the other
hand, the effect of the CP-violating phases from the Higgs potential do not directly appear
in the decays of the extra Higgs bosons into fermions. However, if we can measure the
CP-violating effect in the angular distributions, it indirectly proves the existence of the
CP-violating phases in the Higgs potential because of the necessity of the cancellation of
the EDM as discussed in section 3.

We discuss the decay of the extra neutral Higgs bosons into a pair of 7, because
it provides relatively clearer signatures than the others and it can be dominant in our
scenario, see figure 7. As discussed in refs. [56-59], the hadronic decays of 7 can be
useful to extract the CP-violating effects due to their simple kinematic structure. We thus
consider H]Q — 777t = h~vh* D, where h* are hadrons, for instance, p* or 7% mesons.

The average of the squared amplitude for HJQ — 7777 — h™vh*i is calculated as

IM(0=,0=,0F,¢1)|2 ox (14cosf cosfT) —sinfh~ sinf" cos(2arg[k?] +¢~ — o), (4.12)

where the mass of 7 is neglected, and the angles #* and ¢* are defined as the momentum
direction of the meson on the rest frame of 7& as depicted in figure 8. By applying eq. (4.12)
to the decays of HS’B, the angular distribution of the decay products of Hg’g are obtained
as follows

//dﬁ_d9+ IM(HY — 7=7F — h=vh*t D)2 7% — 4cos(20. — Ad), (4.13)

//deHJr IM(HY — 77+ — h=vh*tD)]2 & 7 — 4cos(20. — Ap +7/2),  (4.14)
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Figure 9. Normalized A¢ distributions for HY — 7= 7% — h™vh*p with j =2 (left) and 3 (right).

where A¢ = ¢ — ¢~. From these expressions, we can extract . by looking at the A¢
distributions. In figure 9, we show the A¢ distributions in the decay of HY (left) and
that of HY (right) for each fixed value of .. Depending on the value of 0, the shape
of the distributions changes, so that we may be able to extract the information of .. It
goes without saying that dedicated studies with signal and background simulations have
to be performed in order to know the feasibility of extracting the CP-violating phases in

our scenario.

5 Renormalization group equation analysis

One might think that the destructive cancellation of the contributions from BZ diagrams
seems to be a kind of artificial fine tuning to satisfy the data. In order to see the stability
of our scenario, we investigate the high energy behavior by the RGE analysis. We discuss
the scale dependence of the electron EDM d, in the case where the destructive interference
sufficiently realizes at the scale of mz so that the current data are satisfied. We evaluate
the running of all the dimensionless couplings from the scale of myz to a high energy scale
by using the one-loop S-functions given in appendix D.

In order to investigate the scale dependence of d., we first consider how the alignment
of the Yukawa interaction can be broken at a high energy scale. The magnitude of the
departure from the alignment limit can be parametrized as [113]

A33
. P -
A, = Tr[(sy:;éyq], where 0y, = pg — (Z\;SS> M,, (q=u,d). (5.1)
q

We note that A, vanishes at the alignment limit which is assumed at the scale of mz. The
behavior of the running of A, (left) and Ay (right) is shown in figure 10. It is clearly seen
that both A, and Ay are significantly small up to a high energy scale such as at least about
10'° GeV where the Landau pole appears (see the discussion below). This is because the
source of the breaking of the alignment mainly arises from the tiny off-diagonal elements
of the CKM matrix. Therefore, the Yukawa alignment approximately holds up to a high
energy scale.
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Figure 11. RGE-running behavior of the Higgs self couplings from myz with the benchmark
parameters given in table 3. The left (right) panel corresponds to A4 (JAs-7]).

Next, we consider how the alignment of the Higgs potential can be broken at a high
energy scale. This can be clarified by looking at the running of the A\g parameter, see
eq. (2.8). In figure 11, we show the scale dependence of the magnitude of all the dimen-
sionless parameters in the Higgs potential. We can see that the |\g| parameter quite slowly
increases as the scale is getting higher, and it blows up together with all the other cou-
plings at around g = 10'° GeV which is the scale appearing the Landau pole. Therefore,
our scenario is stable up to such a high energy scale.

Finally, we discuss the scale dependence of d. which can be evaluated by

9 s d ; : o 5 d
,ua—,ude(,u) = ,ua—ude(fermlon) + ua—ude(nggs) + ,uade(gauge). (5.2)

We note that the contribution from the gauge boson loop a?e(gauge) appears at higher
energy scales, because of the breaking of the potential alignment. In addition, the SM-like
Higgs boson HY is no longer the pure CP-even state at higher energy scales, so that HY
can also but slightly contribute to d, as well as HY and HY. In figure 12, we show the scale
dependence of each contribution to dg; i.e., a?e(fermion)7 a?e(Higgs) and cze(gauge), by taking
into account the above mentioned issues, where we neglect subdominant contributions from
non-BZ type diagrams. We see that the cancellation between cfe(fermion) and Je(Higgs)
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Figure 12. RGE running of the electron EDM from mz with the benchmark parameters given
in table 3.

still works at higher energy scales. However, because of the appearance of (ie(gauge),
the total value is getting larger, and it exceeds |d.| = 1.747 x 10716 GeV~! at around
p = 108 GeV.? We note that the dimensionless scalar couplings can blow up at the lower
scales when the realization of the first-order phase transition is considered.

6 Discussions and conclusions

We have discussed the general THDM with the multiple sources of CP-violating phases in
the Yukawa interaction and the Higgs potential. In order to avoid the FCNCs at tree-level,
we have imposed the Yukawa alignment. In addition, the alignment in the Higgs potential
is imposed in order that coupling constants of the Higgs boson with the mass of 125 GeV
with SM particles are the same as those of the SM Higgs boson at tree level.

In this framework, we have computed the contributions from the BZ type diagrams to
the electron and neutron EDMs. We have found that there are non-trivial regions of the
parameter space with O(1) CP-violating phases allowed by the current bounds from the
EDM searches if the masses of the additional Higgs bosons are taken to be O(100) GeV.
Such non-trivial solutions to satisfy the EDM bounds are obtained due to the destructive
interference between the fermion and the Higgs boson loop contributions in the BZ diagram.

We then have considered how our scenario can be tested at collider experiments. In
particular, we have focused on the decays of the additional neutral Higgs bosons into a pair
of tau leptons with their hadronic decays. The difference of the azimuthal angles between
the two hadron jets strongly depends on the CP-violating phases of the Yukawa interaction
for the decaying Higgs boson. Therefore, measurements of such a specific distribution can
be the direct test of the CP-violating phases in the Yukawa interaction. Furthermore,
this can be the indirect test of the CP-violating phase in the Higgs potential, because
of the necessity of the destructive cancellation of the EDM. We have shown the angular
distributions for several values of the CP-violating phases of the Yukawa interaction.

3 Although de at the high energy scale is not constrained by experiments, it would be viable to see the
stability of the parameter set to realize the destructive cancellation at the mz scale.
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Finally, we have discussed the scale dependence of the dimensionless couplings by using
the RGEs at one-loop level. We have confirmed that both the alignment in the Yukawa
interaction and that in the Higgs potential can be stable up to a high energy scale such
as 108 GeV.

Before closing this paper, we give a brief comment on the possibility of EWBG in
our scenario. At the zero temperature, the VEVs of the Higgs doublets are taken to
be ((®9),(®Y)) = (v/V/2,0), while at the finite temperature, they can be ((®9), (®9)) =
(vf,vh)/v/2 [14]. If this kind of the structure of the phase transition can be realized, the
complex phase can appear in the top quark mass via (, during the EWPT, which may be
able to generate the baryon asymmetry of the Universe. In this case, our scenario discussed
in this paper is important for successful and tastable models for EWBG.
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A Parameters of the scalar potential: relations between two bases

The relations between the potential parameters on the original basis and the Higgs basis
given in egs. (2.1) and (2.4) in section 2 are expressed as follows [71]

ui =+ 1k + 555+ 2Re (/5  casg, (A1)
13 =+ 155+ '3 —2Re[i'5e cpsp, (A.2)
3= (1 = 1'3)epss+ Rel'56) (¢ — ) +iTmlu/5¢], (A.3)
Al=+A 1cﬁ+)\’gsﬁ+2)\ 3450535+4 (Re[)\ e ]cﬁ—kRe [\ 7e’ ) €353, (A.4)
Ao =-+X 135+/\’205+2)\ 345%;35—4 (Re[)\ e ]sﬁ—l—Re [\ e’ ) €353, (A.5)
A3 :+/\’3+()\'1—1—)\’2—2)\’345)0%3%—2 (Re[)\’gei ]—Re[N7 ]) (c% %)053ﬂ, (A.6)
A=+ N4+ (V1 +No—2X345) B 53 —2 (Re[A’Geif] e[N7 ]) (cg $2)eps, (A7)
)\5:+Re[/\’5e2ié]+()\'1+)\’2—2)\’345)c%s%—2 (Re[)\’ge ]—Re[A ) 05—3%)0535

i [Im[x5e%f](cg—sg)—2 (Im[x66 —Tm[Nqe! ) cﬁsﬁ} : (A.8)
e =—[N 166 N 235 N45( c -5 )] casp+Re[A 66‘5]0%(65—33%)—Re[)\'7ei5]s%(s%—3c%)

+i (Im[)\’g,emé]c/g%+Im[>\'6elg]c +Im[\7 S]s%) (A.9)
Ar=—[X 135 N zcﬁ—}-)\ 345( c -5 )] cpsg—Re[A 6625]5%(8%—30%)+Re[)\/7ei£]c%(c%—3s%)
—1 (Im[)\ se2¢]cgss—Im[N 6€Z§]85 Im[)\'7 }cﬁ> , (A.10)

where £ = & — &1, ¢g = cos B, s3 = sin 8 and X345 = N3 + N4 + Re[N5e%€].
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B Exact formulae of the Barr-Zee type contributions

We here list the Barr-Zee type contributions to the EDM (CEDM) for a fermion (quark)
d}, d? and d‘JﬁV (dg) given in egs. (3.6) and (3.7) (eq. (3.5)) in section 3. The fermion-loop
contributions to the EDM are

d}/(f/):(lZnTg)zggvafg%)/f’f’Qf’ 3 (B.1)
3 1 ) . ) ) 0
XZ/ dz{Im[figc]Re[ﬁ;,] (%—2(1—2))—i—Re[/i?c]Im[n;,]%}C;/,;I, (2),
w egsz
df(lf_z)(tb) C No (B.2)
1 > +
X / dz{”“l m[C5¢.) 2 mbIm[c;tcd]}[Qtu—z)wbzw&” (2),
W egsmy
@ (If:+;)(tb) AR Ne (B.3)

1 2 +
x /0 dZ{Z?Im[cfczzH [cfcd]”z}[@u 2)+QuACy " (2),

the Higgs boson-loop contributions to EDM are

3 1
em  JHEHTFHO VH?
dy (H*) = (1672 f)24Qfo(19H+H V)Zlm[/i;]vj/o dz(1 = 2)C .7 1 (2),
J
(B.4)
W s 0y _ €98my 1 ¢ jo T HT Y WH*
dY (H*H") = (167r2)2221m[,~;f]T i dz(l—z)CHiHO( 2), (B.5)
the gauge-loop contributions to EDM are
d}/(W) (16 ) 89fo ngWV ZleIm Iigc
1 w3, mi \ e | 02 i\ 1] VA
X ) dz —% + 1—2m€V m%/v 5 — 4—@ CWW()
(B.6)
1 m2 m
1 4— H* HY +
dY (WH®) = (619627:721f22”;‘2"’z7?,1jlm/€f]/ dz{ zz_mgv}(l z)CVVEIZIo( ),
(B.7)
and the quark-loop contributions to CEDM are
1 ; i1 | 9H?
S (q") = 16772 Z/ dz{Im [k]]Re|x ,] (Z—2(1—2))—i—Re[/f]q]Im[nf],]Z}Cq,q,] (2),
(B.8)
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where V' = v, Z and N¢ is the color factor. The coupling constants are given by g7 = eQ,
9557 = 9:(I1/2 = Qssiy), 9t~ = —i€, gy+n-z = —ig9zcaw /2, Iutnrre = (ARaj +
Re[A7]R2j — Im[A7|R3;5)v, gwwa = —ie and gwwz = —igzc%/v, where @y are the electric
charges of the fermion, gz = \/g{ + g%, sw = sin by, ey = cos by and coyy = cos 20yy.

_ 2 2
O (=) = Co (0,0; 2, miy, & ?(TX +) ZmY) , (B.9)

and where Cj is the Passarino-Veltman function [114],

1 m?2 m2 m2 m3
L2 2 9y 1 3 2 3
Co(0,0;my, m3, m3) = — 5 { 5 5 log (m%) R — log <m%) } . (B.10)

my—my (myp — M3y

2 3
We confirmed the consistency of our results with refs. [39-43, 45].
C Decay of the heavy Higgs bosons

We here list the partial decay width of the extra Higgs bosons given in egs. (4.9), (4.10)
and (4.11) in section 4. We refer to refs. [52, 55, 115, 116].

_ NeGrmgom? AN : , 2\ 7!
F(H?—>ff)=%<1—i?f> (Relisf])?+ (I} (1—4’?") ,

HY HO
(C.1)
Gra?(myo)m?,, 2 2
0 _ s i’ H VA H (i i1 AA (i
T(H — gg) = NG %:Re[n;]Al/Q(Tq) +Zq:1m[mq]Al/2(Tq) , (C.2)
9G>m? m2  m?2
T(HY = V*) = —L 15 2 0oy G | ==, =% C.3
( i ¢ ) Q73 VmHngHZQch méo?mzo s ( )
Ng 9 1/2
+ n_ 2 2 2 2.2
< [(mirs = md—m2) (1} P+ 17 ) —dmgmpRelyf*yf)] . (C4)

where 74 = m?,/4m%, 0, = L — Dsin? Oy + 52sin* O, 6fy =1 and ¢ = H]Q#(Hi) for

V* = Z*(W*). The couplings y;f and yJT, are given by £ D (fRy;ffi + fLy;[,f}z)HJr +h.c..
The functions A(7) are given by

A{1/2(7'> =2[r + (1 = 1) f(1)]772, (C.5)
A7) = 2771 (7), (C6)
and where
arcsin? /7, for 7 <1,
J(m) = —% log 7}‘_“/7% — iW]Q, for 7> 1. (€D
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In terms of A(z,y) = —1 + 2z + 2y — (z — y)? with = m%/m
given by

125,?, the function G(z,y) is

4

T
— + arctan
2 ( (1 —2)vA(z,y)

G(»”Uay):l{?(—l—i-y—x) Az, y) 3/(1_?/+$)—>\(:13,y)>]

+ (A(z,y) — 2z)logz + é(l — ) [5(1 +x) — 4y — ;)\(x,y)} } (C.8)

D Beta functions

We here list the beta functions of the dimensionless coupling constants of general THDM
up to one-loop level given in section 5. The couplings are expressed in any basis of the
fermions and the scalar doublet fields given in egs. (2.1) and (2.15) in section 2. The beta
functions of the gauge coupling constants are given as

4
1672 By, = <—11 + 3ng> g3, (D.1)
22 4 1
16728, = <_3 + 37 + 6nd) g5, (D.2)
20 1
167‘(’2691 = <97’Lg + 6nd> g:l))’ (D3)

where ng is the number of the generation of the fermions and ng is the number of scalar
doublets. The beta functions of the Yukawa-coupling matrices are given as

2 2

2
1
1678y, = — 2> (Yuabaryly) + 52 Yl (Uh ) + Waawh )+ Wyl vk
l l l
2

9 , 17
+ ) Trlyylinyu, — (89§ + 595+ 129?) Yk (D.4)
l

2 2

2
1
1678y, = — 2> (U yurva) + B > 1 yd) + Wyl Dyar +> . var (vl a)
l l l

2
9 5

T (824 202+ 22 D5
+Zl: r[yylikyd, ( g5+ 192+ 1291) Yd, ks (D.5)

1< 2 2 9 15

2 2 2
16776y, . =5 Zl:(ye,zyi,l)ye,k + ZI: Ve (U 9e) + ZI: Trlyylinyes — <492 + 491> Ye ks
(D.6)
where

Trlyylix = Tr[Nc (y;lyu,k + yji,lyd,k> + ! yer): (D.7)
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The beta functions of the scalar self-couplings are given as

16728y, =

16728y, =

16728, =

167%3, =

16723, =

167% 35, =

167‘(’2ﬂ)\7 =

2{6AT+2XA3 +2X3 A1+ AT+ A5 2 +12| A6 [* )
4 Ne (Te (919 a0 ) T [0 0190290 ) ) + T (Bl atieavl 1] }
+4Tr[yy]n>\1+2Tr[yy]21(A6+/\§)+Z(3g§+gil+2g§gf)—3(3g§+g%)/\1, (D.8)
2{6A3+2X3 +2X3 A1+ AT+ A5 2 +12| A7 [*
—4{No (T [y o0l 20028) 2] + T (Va2 58a29]) ) + T [ ot seav o] }
+4Tr[yy]22>\2+2Tr[yy]12(A7+>\?)+%(3g§+gil+2g§9f)—3(3g§+g%)k2, (D.9)
2 { (M +A2) (BA3+ A1) +2X3+ X+ | A5 2 +2| A6 |22 A7 |2 +4(As N5+ Mg A7) }
—4 {NC (Tr [yu,lydﬁyggyi,l] +Tr [?/u,2yd,1y1l,1yl,2}
—TY[quyd,gy;lylg] —Tr [yu,de,lyjzg?/lJ])

+No (T [yt 10 2] + T (Va2 0801930 ) + T (e oveav 1]}
+2(Tr[yyli1 +Trlyylez2) A3+ Trlyyli2(Ae +A§) + Trlyyla1 (A7 +A7)
+z(3g§+gf—2g§gf) —3(393+97) A3, (D.10)
2 {(M+A2+4A3) A+ 2707 +4| X5 |2 +5[ A6 2 +5| A7 |2+ (A A5+ A5A7) }
—4 {NC (Tr [yu,2yd,1y:£,2y;1] +Tr [yu,lyd,2yjl,1yl,2]

—Tr [yu,2yd,ly$,1yl,2] —Tr [QU,ldeyjl,QyL,l])

+Ne (Tr [yu,QyL,lyu,lyl,ﬂ +Tr [yd,zyjz,zl/dﬂ/jz,ﬂ ) +Tr [ye,zyl,zye,lyl,l] }
+2(Trlyylin + Trlyylaz) A+ Tr[yyli2 (A6 +A6) + Trlyyla1 (A7 +A7)
+39597 —3(395+97) s, (D.11)
2{ (M +A2+4A3+6X) A5 +5AG+5N2+2X6 A7 }
—4 {NC <T1" [yu,zyl,wuzyl,ﬂ +1Tr [yd,lel,ldeyZl,l] ) +Tr [ye,le,lyerl,l] }
+2(Tr[yylin + Trlyylaz) As +2Tr[yyli2 A6 +2Tr[yylo1 A7 —3(3g5 +97) A5, (D.12)
2{(6A1+3A34+421) A6+ (BA3+2X0) A7+ A5 (BAE+AE)}

—4 {NC (Tl" [yu,lyl,lyuﬂyl,l] +Tr [yd,lyjl,lydzy;rl,l] ) +Tr [ye,lyl,lyezyl,l] }

+ (3Tr[yy]11 +Tr[yylaz) Ae + Tr[yy] oA +Tr[yylor (Az+Aa+As5) —3(395 +97) A6,
(D.13)

2 {(6)\2+3)\3+4/\4)/\7+(3/\34—2)\4))\6—%/\5(}\24-5)\;)}

—4 {NC (Tr [yu,QyL,Qyu,Zyl,l] +Tr [yd,zyjz,zyd,zyju] ) +Tr [%,21/;23/@,291,1] }

+(Tr[yy]11 +3Tr[yy]22))\7+Tr[yy]21)\2+Tr[yy]12()\3+/\4+)\5) —3(3g§+g%)>\7.
(D.14)

We confirmed the consistency of our results with refs. [96, 113, 117].
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