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CP phases in 2HDM and effective potential: A geometrical view
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Using a geometric description of 2HDM, the CP-odd invariants are classified into three independent
sectors: scalar potential, Yukawa interaction, and CKM matrix. We calculate the effective thermal potential
of 2HDM in a basis invariant way and show that the CP phases in the CKM matrix cannot leak to the
effective potential at all orders. In the 2HDM with a softly broken Z, symmetry, the leading thermal
correction to the effective potential tends to restore the CP symmetry at high temperatures.
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I. INTRODUCTION

Two-Higgs-Doublet-Model (2HDM) is one of the most
straightforward extensions of Standard Model (SM) that
can provide both new sources of CP violation and strong
first-order phase transition [1-6]. It suffers, unfortunately,
from the arbitrariness of the scalar basis choice, e.g., a
unitary transformation between the two Higgs doublets
does not have any physical consequence. In addition to
the CP phase in Cabbibo-Kobayashi-Maskawa (CKM)
matrix [7], the 2HDM can also have CP phases from the
scalar potential and the Yukawa interactions of an addi-
tional scalar [8]. As a global symmetry, the CP symmetry is
best studied in basis invariant methods, such as the bilinear
notation [9-13] or the tensor notation [8,14,15].

The CP property of the 2HDM effective potential in the
early universe is attractive as it relates to baryogenesis. It
is shown that the bilinear notation is also convenient in
handling global symmetries of 2HDM effective poten-
tial [16], but a complete analysis, including the contribu-
tions from the scalar self-interactions, the Yukawa
interactions, and the gauge interactions, still needs to be
done. In this work, we adopt the bilinear notation to
categorize all the independent CP-violating sources and
extend the bilinear notation to the Yukawa couplings so that
the effective potential from the fermion loop contribution
can be expressed in the bilinear notation. For the first time,
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the one-loop 2HDM effective potential is calculated fully
by basis invariant form, which enables us to identify
various CP-violating sources in the loop correction.

The paper is organized as follows. In Sec. II, we briefly
review the bilinear notation and provide a geometric picture
of the CP-odd invariant. In Sec. III, we discuss the CP
phases in the CKM and show that the phase in the CKM
matrix cannot enter the effective scalar potential. In Sec. IV,
we present the one-loop effective potential in the bilinear
notation. Finally, we conclude in Sec. V.

II. CP SYMMETRIES IN THE
BILINEAR NOTATION

We start by reviewing the bilinear notation of the 2HDM
potential. A general scalar potential is

V(@) @) = m} @[ + m2,®,0, — m},®|d,

1 1
+t54 (@]@,)* + 5/12(‘1);@2)2

+ 23 (D] D)) (D] D)) + Ay (D] D,) (DL D))

1
+ 5/15(‘13;@2)2 + /16((DJ{CDI )(@I‘Dz)

T Ay (@),) (D] ,) + Hee. (1)

in which (m3,,1s4,) are generally complex while all the
other parameters are real. The scalar potential can be
reparametrized by an SU(2)q, rotation ®; = U;;®; (i, j =
1, 2). Making use of the relation between SU(2) and SO(3)
groups, the basis transformation can be viewed explicitly in
the so-called K-space, in which the SU(2)4, basis trans-

formation ®; = U,;®; corresponds to an SO(3) rotation.

Define a four-vector K# = <I>1To’;jd)j = (K, I_{))T where
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K = (®]®, + ®]®, i(D)D, — ®|d,), d[®, — ©Jd,)7,
Ky = ®[®, + O} ®,. (2)

Under an SO(3)g rotation R, (U) = 3tr[Uo,Us,), K,
behaves as a scalar while K transforms as a vector, i.e.,

(Ko, K') = (Ko. R(U)K). (3)
The scalar potential in the K-space is written as [9,11]
where
oo = (41 + 42 +243)/8,

1

2
P 2\ X(2 1 2 2 r
&= <—91(m12),;s(m12),2(m” - mzz)) )

= (N6 + 47)/4. =S (A6 + 27) /4. (41 — 4,)/8)",

M+ 0R(s)  —3(s) N (ds = A7)
E=| =30  2=R0s) (=)
R(ds— A7) Sy —4g) (b + A —243)/2

As the scalar potential is invariant under the SO(3)g
rotation, it demands the coefficients transform covariantly

in the dual space of K¥, ie., & = &, My = oo, g =
R(U)E, ijr = R(U)7j, and E' = R(U)ER(U)".
The conventional CP transformation ®; — ®; corre-

sponds to a mirror reflection K, — —K, in the K-space
[9,10,12]. The CP conserving potential satisfies

V((Dl’ CI)2) = V(q)h CI)Z)'CD,»—ﬂI):." (5)
while in the K-space it becomes
V(Ko. K) = V(Ko. K|k, &, (6)

It requires that m,, and As¢; are all real. Denote I1 as the
mirror reflection operator that reflects K, when acting on
1?, i.e., ﬁ(Kl, Kz, K3) = (Kl’ —K2, K3) The potential is
invariant under the mirror reflection on the condition that

E=NE f=M3j  E=NE", (7)
which can be easily understood from a geometrical view.
The 3 x 3 real symmetric tensor E possesses at least three
C, axes (principal axis) and three symmetry planes. To
respect the CP conserving condition in Eq. (7), (E, £, 1) are

all invariant under the mirror reflection. Therefore, E and 77
must lie on the same symmetry plane of E; see Fig. 1.

FIG. 1. Configuration of parameter vectors in a CP symmetric
potential, where the black dashed line denotes the three principal
axes of the ellipsoid.

The symmetric tensor E can be visualized either as an
ellipsoid or a hyperboloid when not positive definite.

We can construct independent CP-odd invariants from
the geometrical view. For example, two independent
conditions for CP conserving scalar potential can be

constructed from E 7, and E [12],

I = Exi) - EE=0.  L=Exi)-Ei=0. (8)
The CP-conserving condition requires all the CP-odd
invariants one can construct to vanish. Therefore, /; are
CP-odd invariants that parametrize irremovable CP phases

in the scalar potential. In case of E is collinear with 7 along
direction I, another invariant (Tx E_[) - E?[ can be con-
structed; see Ref. [12] for details.

Yukawa interaction. The Yukawa couplings of the
additional Higgs doublet lead to additional CP phases [8].
The CP phases from Yukawa interactions have yet to be
studied in the bilinear notation because the Yukawa
coupling terms in the Lagrangian cannot be expressed in
bilinear notation. However, we can project the Yukawa
couplings coefficients to the bilinear space to study whether
the Yukawa couplings spoil the global symmetries in the
bilinear space.

We start with Yukawa coupling terms of the u-quark for
illustration

_£Yuk D QLyi(i)iuR + H.C., i = ], 2, (9)
where Q; = (u;,d; )T and y; are the coefficients of the

Yukawa couplings. Consider a scalar basis transformation
U;; € SU(2)g,

®; = U;;®;. (10)
It is required that the couplings y; transform as

)’; = Uijyj’ (11)

so that the Yukawa coupling terms are also invariant under
the Higgs basis transformation,
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QLyi(i)iuR = QL)’?&);'“R (12)

Since y; transform covariantly with ®;, the vector Y, =

yi(6,);y; = (Yo, Y) also transforms covariantly with K,

i.e., Yy is invariant and Y transforms as
Y = y7(@)y; = yiUji(6) Uy = R(U)Y.  (13)

Thus Y is a vector in the SO(3), space, and any SO(3)x

invariant constructed by Y is a weak basis invariant in the
Higgs family space. If the Lagrangian preserves the CP

symmetry, the vector Y should be invariant under the mirror

reflection IT and lie on the same reflection plane of E and 77
shown in Fig. 1. For a CP conserving potential satisfying
Eq. (8), the u-quark Yukawa coupling term in Eq. (9) does
not spoil this symmetry only when

Jo=(Exi)-Y=0. (14)

When Y is not in the same plane of £ and 7, a nonzero
CP-odd invariant J, is generated, and its magnitude is the

“volume” of the cross product (& x 77) - Y.

If we include both up and down-type quarks with N
generations, the Yukawa couplings for quarks in the
2HDM are

Lyu = —Q’Z‘y;’f’;&)iu’,@ - _anyz’n,?q)id% +He., (15)
where the superscripts m and n sum over N generations.
Under the SU(2),, basis transformation, y, ; transform like
®; while y,;; transform like ®;. Then we define 2N?
covariant vectors in the dual space of K* in terms of the
Yukawa couplings:

Yin = ym?*(%)iﬂ%v YZfZ = y?,?(oﬂ)ijy?z;l*v (16)
where 7, j sum over all Higgs family and m, n do not sum.
And Yl’,”" transform in the same way as (Sﬂ and N> 1.€.,

- -

(Yo. Y)uly = (Yo. RQU)Y) 1y (17)

For the Yukawa interactions of N-generation quarks,
we obtain 2N? CP-odd invariants J"* and J" where
mn=1,2,...,N.

wia = (Ex11) - Yija. (18)
To conserve the CP symmetry, the vectors , 7j, and )7;%
have to lie on the same reflection plane of E. Each vector

acts as an independent CP violation source if it departs
from the reflection plane.

Counting the numbers of independent CP-odd invariants
in the 2HDM, there are two from the scalar potential,
2N? from the additional Yukawa interactions, and
(N =1)(N —2)/2 from the CKM matrix.

III. CP PHASES IN THE CKM MATRIX
AND EFFECTIVE POTENTIAL

Before calculating the effective potential, we would like
to emphasize the difference between the CP phases in the
additional Yukawa couplings and the CP phase of the CKM
matrix and discuss the question asked in Ref. [17] that
whether a CP-conserving 2HDM potential will receive CP-
violating phases from the CKM matrix through quantum
corrections of quarks inside loops. It is pointed out in
Ref. [17] that the CP violation effect from the Jarlskog
invariant may contribute the effective potential through
Feynman diagrams with at least three loops, e.g., Fig. 2.
However, their calculation of three-loop tadpole diagrams
of the CP-odd scalar field shows no impact from the
Jarlskog invariant. And we will be able to prove that the
CP-violation effect in the CKM matrix never contributes to
the effective potential after discriminating CP-violating
sources in the Yukawa interactions and the CKM matrix.

The irremovable CP phase of the CKM matrix origins
from the complex phases in the quark mass matrix, which
can be described by the so-called Jarlskog invariant [18,19],
a basis invariant quantity under the basis transformations in
the quark family space,

J = det[M, M, M;M]. (19)

Next, we write down all the components of the Yukawa
couplings and the quark mass matrices to discuss the
independence between Egs. (14) and (19). Because y;
and y, in Eq. (9) are two complex numbers, we can
always parametrize them with three angles (f,7,6) and a

magnitude |V| = /[y;[* + |y2|*. Then (y,y,) and ¥, =

y:f(aﬂ),-jy ; are written as

d; d;
V? ) w W, < W
fl‘ A Ui ) iq— §' Ui urg =7
i glk: i d h/H
d; g
A W A W
4 -y U Uy h_/H 4 _ gr uj uj }L_/H
4 HN
o >
\h/H 'h/H

FIG. 2. An example set of the diagrams of the effective
potential may receive a contribution from the Jarlskog invariant.
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(v1.y2) = e®|V|(sp. cpe™™). (20)
(Yo,?) == |y|2(1,S2ﬂC},,—S2ﬁS7,—C2ﬁ). (21)

Note that the global phase 6 yields no information in vector Y
and is therefore independent of the CP violations in Eq. (18).
We add the quark flavor index and include all three
generations of quarks to write down the quark mass matrix
and CKM matrix. After the electro-weak symmetry break-
ing (EWSB), the Higgs doublet field have non-zero
expectation value (®;) = (0,v;)", K% = K¥|g, (e, Each
quark mass matrix is an SU(2), basis invariant quantity:
My =ypivi,  Mg" = yiiv:. (22)
The complex phase of each element of the quark mass
matrix, which is related to the global phases ¢ of the
Yukawa couplings, is not included in Y. To show the
independence between the CP phases in the quark mass
matrix and additional Yukawa couplings, it is most con-
venient to do the decomposition Eq. (20) in the Higgs basis,
where v; = v and v, = 0. Then the complex phases in the
quark mass matrices are only determined by &,

My = e \/l(Y’"”K +Y"K,)
u D) u,0™ 0,0 u v)s

i smn 1 omn o
My = \/E(Y%Ku,o+Yd R). (@3

Here m, n in the right-hand side (rhs) do not sum, and the
quark mass matrix can be diagonalized as

diag(mu’ me, mr) = VIL;MMV{;
diag(md, mg, mb) = V’d“Mde;,

Vekwm = (VE)TVE. (24)

We can see that the CP phase of the CKM matrix is
determined only by the phases 5’;’/"d. The Jarlskog invariant
parametrizes the phase 5{% that cannot be removed by the
rotations in the quark family space, while the CP-odd
invariants constructed by Y w/a parametrize the CP phases
that the rotations in the Higgs family space cannot remove.
Therefore the CP-odd invariants constructed by ?Z’/"d are
independent of the Jarlskog invariant.

In other words, the CP phases in the CKM matrix are
from the quark family space, but the CP phases in the scalar
potential and the additional Yukawa couplings are from the
Higgs family space.

The above arguments help to answer the question of
Ref. [17]. We notice that the CP violation effect appears in
the effective potential only in the form of SO(3)g tensors.
As the Jarlskog invariant cannot be described by the tensor

structure of the SO(3), group, we conjecture that the CP
phase in the CKM matrix would not leak into the effective
potential through quantum corrections.

Without loss of generality, consider a CP-conserving
Type-I 2HDM in which the SO(3), covariant parameter

tensors are E, £, 77, and Y.CP conserving conditions require
all the tensors invariant under a mirror symmetry I1, i.e.,
Eab = EcdHachdv

éa = gcnacv Ng = 'Icnac- (25)

Besides, the vectors Y also conserve CP symmetry
Y, =Y.Jl,., and the only CP-violating source left is the

CP phases in the CKM matrix. Any global SU(2),
invariant effective potential can be written as

<

eff ((I) q>j)

1

)

TVK, Tk K, T8

abc

i
Vet (Ko
Vet (Ko

KaKch’ o ')’ (26)

where Tgff?..aq transforms as a rank-g tensor under the

SO(3)g rotation. In the K-space, the tensor Tfl‘f?..aq can be

constructed by tensor products of tree-level parameter

tensors. Moreover, the tensor constructed by E,7, &, Y is
also invariant under the mirror reflection,

T£?>aq == Tg,(f?..bqna]bl e Haqbq' (27)

It guarantees the CP invariance of the effective potential,

-

Veff(K07K> = Veff(KO’ﬁI?)' (28)

Even though the quark mass matrix, whose elements are

SU(2)e singlets, may enter TE,‘{?..%

structures of Tsl'f?..aq remain unchanged and the result of

Eq. (28) still holds.

On the other hand, when the additional Yukawa cou-
plings break the CP symmetry, i.e., Y, # Y Il,., the
effective potential may break the CP symmetry because

as a factor, tensor

tensors in Eq. (26) that are constructed by Y will break
the CP symmetry. To summarize, the CP phases of an
electroweak global invariant 2HDM effective potential will
not receive a contribution from the Jarlskog invariant. Still,
it may receive contributions from the CP phases of addi-
tional Yukawa interactions.

IV. ONE-LOOP EFFECTIVE POTENTIAL

Next, we calculate the one-loop effective potential and
analyze its global symmetries. Using the background method,
the one-loop effective potential at zero temperature is [20]
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Veff(¢c) = Vtree(¢c) + VCW(¢C>’ <29)
where V.. denotes the tree level potential and
1 d*p 5 )
Vew(¢e) =5Tr [ S In[p* + M (¢, )]
2 27
! m; ()
= WZnim4 o) [m il (30)

is the Coleman-Weinberg (CW) potential [21] calculated in
the Landau gauge under MS scheme; M? is the mass matrix
with eigenvalues m ; n; denotes the degree of freedom of
the field; and c; is equal to 5/6 for gauge bosons and 3/2
for others.

The effective potential of the 2HDM has been discussed
extensively [22-27]. As a usual practice, only neutral or CP
even components of Higgs boson doublets are treated as
background fields, which breaks the SU(2), invariance
explicitly such that our previous discussions cannot apply
to V(). Therefore the mass matrices need to be
evaluated in a global SU(2), invariant way to analyze
the CP property of effective potential in bilinear notation.
For that, we take all the components of the Higgs boson
doublets to be background fields, and ®; = (¢h;y.¢b;)"
should be understood as background fields hereafter.

(1) Contributions from the scalar loops: In a scenario
that the scalar potential preserves the CP symmetry at the
tree level, the scalar self-interaction cannot induce CP
violation effects in the effective potential. However, it is
hitherto verified only in a specific choice of the scalar basis.
Below we provide basis-independent proof.

The mass matrices of the scalar sector cannot be
analytically diagonalized; therefore, we use the method
in Ref. [28] to derive the bilinear form of the potential. We
first expand the trace of logarithm in Eq. (30) as Taylor
series and calculate the trace for each term. For example,
the first-term yields

Tr(m3) = 8R,A¥ + 4S,,1*

= (2099 + 4Tr(E))K, + 24K -7+ 8, (31)
where
S" = RMKY + RVK* — ¢ (RK),
S = AFKY + AYK* — ¢ (AK),
A, =2n, K + &,
R* = (1,0,0,0). (32)

This term was also calculated in Refs. [16,28]. Here we
finish the calculation of the total Taylor series, and the final
result can be expressed as

s
Vew = F(8"n,, Sin,,), (33)
where F is a function of the traces of S*7,,,S%'n,, and
their combinations [29]. If the tree level potential is

invariant under the mirror reflection II operation, i.e.,

Vtree(l{ﬂ7 I_()) = Vtree(KO’ ﬁk’)* (34)

then any combination of the tensors given in Eq. (32) is

invariant too. As a result, the V(CS&, is also CP invariant, i.e.,

Vév)v(Kov K) = Vév)v([(m K),

(35)
as it should be.

(2) Contributions from the gauge boson loops: The mass
matrix of gauge bosons can be diagonalized and written in
gauge invariant form directly. The eigenvalues of gauge
boson masses obtained from the kinetic terms are

3
N
I

7 =
(1 B)Ko + 48RP + (8, - 1°K3 ).
m? = %2 ( + 1)K \/4z%V|K|2 )2K2)

2 7 (36)

mwi = ZKQ,

where ty, = tan @y, and a massless photon is ensured by
the neutral vacuum condition Ko = |K| [9,11]. Therefore,
the CW potential from gauge boson loop contributions
G G
K-space,

K [) is spherically symmetric in the

VR (Ko, K) = VQU(Ko. RK),  R€0(3).
Furthermore, any global symmetry exhibited by the tree-
level potential cannot be broken by quantum corrections
from gauge bosons.

(3) Contributions from the quark loops: Usually, the
dominant correction of quark loops to the effective poten-
tial is from the heaviest quark. Nevertheless, we include top
and bottom quarks to ensure our calculation is SU(2),
invariant. The top and bottom quark masses can mix as
there are charged background fields. The fermion mass

matrix derived from —d2L/d; dyp reads as
Y7, yib¢i¢) ( IR )
_Yit¢iT Vi) br)
After singular decomposition M ;,, = L™'MR, two ele-
ments of the diagonalized mass matrix are

(.. bL>< (37)

015016-5
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B+VB>+C
"y, = (38)

where B and C, in terms of Y, = (¥, Y) defined in

Eq. (16), are
1 1 - -
B = E(Yzo+Yb0)Ko+2(Yz+Yb)‘K,
1 = e -
C= E(Y Y,)KG = (YY), + YoV ,)KoK
1—' e e - - - - -
+§K‘(Yt'Yb—Ytono—Yt®Yb—Yb®Yt)'K

The symbol “®” means the direct product of two vectors.
For illustration, we consider the special case of y, > y,, in
which the top quark plays the leading role. The mass square
of the top quark is

1 - -
Z(Yr0K0+ Y, K). (39)

m? =

Consider a scalar potential conserving the CP symmetry at
the tree level, i.e., V. (Ko, ) Vtree(KO,HK) When the
Yukawa couplings break the CP symmetry, or equivalently,
?t/,, # fy t/b> m? is no longer invariant under the mirror
reflection and introduces the CP violation effect to the
effective potential at one-loop level,

Vi (Ko, K) # V&I (Ko LK), (40)

The CP violation effect is related to |J,|.

Thermal corrections. Previous discussions show that the
bilinear notation is convenient for analyzing the effective
potential’s global symmetries. Next, we include the thermal
corrections into consideration. At finite temperature, the
effective potential should be written as [20],

Vet = Viee + Vew + Vr + Vdaisyv

T4
Vi = Z"iz—ﬂz]ls/F(m%/Tz)’ (41)

where V7 is the one-loop approximation result and V g,y
is the contribution from Daisy diagrams [30,31]. At a high
temperature, the leading contributions of the thermal
bosonic function J and fermionic function J yield
2T2
V9~ (34 2)K,, (42)
32
Vi Y {(Yzo +Yp0)Ko + (Y, + 7)) - f(} (43)

T? L=
Vi)~ (5o + tr(ENKy + 67 K|, (44)

which shift the tree-level parameters &, — &, + AZ,,

Y Y 5 Tr(E
Afo—T2<32(3+12) 0+ Yo | S5m0 + Tr( ))’

8 6

- T2 -
A= §( =Y —Y,). (45)
And only the contributions from quark and scalar loops can
modify global symmetries of the potential in the K-space
by shifting the direction of E The Daisy resummation
result is

T
Vdaisy = _E Z

i=bosons

M} (¢e. T) = mi(de)].  (46)

where M;(¢..T) denotes the masses after the &, shifting
given in Eq. (45). Notice that the 7-dependent tensor
structures of the M,’s are related only to A&, in Eq. (45).
Therefore we can conclude that leading thermal corrections
only affect the global symmetries of scalar potential by

shifting the direction of E
Softly broken Z, symmetry. Finally, we examine the
2HDM with a softly broken Z symmetry which is often
studied in literature. The 2HDM often induces a flavor-
changing neutral current, which is prohibited by precision
measurements. A Z, symmetry,
O, > —B;, D> D, (47)
is therefore introduced to forbid the flavor-changing neutral
current [32]. The Z, symmetry demands m, = A¢ =
A7 = 0. The parameter tensors are of the patterns

0 1##0
E= Codi=|o]. E=g# # 0
# 0 0 #

(48)

where the symbol “#” denotes combinations of other
coefficients. From geometrical perspective, E and 7 are
on the third primary axis of the symmetric tensor E, and
the Z, symmetry is nothing but a 180° rotation (C,) around
the third primary axis, ie., C,K = C, (K, Ky, K3) =
(—K,—K,,K3). A Z, invariant 2HDM satisfies

E = GC,ECT. (49)

E=GC¢ =G,

The vectors ¥ «/a defined in Eq. (17) are covariant under an

SO(3) rotation, therefore also satisfy

u/d - C2 Zl/yld? (50)
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FIG. 3. Parameter vectors for a broken Z, symmetry.

and they are parallel to E 7 and the C, axis of E likewise.
Y wa Point to the same direction in Type-I 2HDM, while
Y™ and Y"/" are in opposite directions in Type-II case. We
thus use Y to label the direction of ¥ wq for simplicity. A Z,
symmetric 2HDM Lagrangian is always CP invariant.
The Z, symmetry can be softly broken when m?, # 0.
The vector 77 is not changed, but E = (#,0,#)7 points to an
arbitrary direction; see Fig. 3. Hence, the scalar potential
exhibits only one CP invariant, (£ x ) - EE, and no CP

invariant arises from the Yukawa interactions as ¥ [I7.

As aresult, for a tree-level CP-conserving 2HDM with a
softly broken Z, symmetry, the scalar potential maintains
the CP invariance at the loop level. In addition, for a tree-
level CP-violating 2HDM with a softly broken Z, sym-

metry, E is the only CP-violating source. But the leading
thermal correction to £ in Eq. (45) is CP conserving as both
7 and Y lie on the principal axis of E. Therefore, as long

as the length of 7 and Y are not fine-tuned, E tends to be
bent toward the principal axis at sufficiently high temper-
atures, restoring the Z, and CP symmetries. The leading
T-dependent contributions from Daisy diagrams, only

related to the quartic and Yukawa couplings, do not spoil
the CP restoration.

V. CONCLUSION

We generalized the bilinear notation of 2HDM scalar
potential to Yukawa couplings by defining dual vectors
Y wa in bilinear space. By doing so, we obtained all the
independent CP-odd invariants in the 2HDM from a
geometrical view. The separation of CP phases from the
Yukawa interactions and the CKM matrix is made intui-
tively evident for the first time.

We calculated the Coleman-Weinberg potential in a basis
invariant manner. The scalar potential that preserves the
CP symmetry at the tree level can receive CP violation
corrections only from the Yukawa interactions at the one-
loop level. We proved that the CP phase in the CKM matrix
could not leak to the effective potential at all orders based
on the basis invariant form. We further showed that the
leading thermal corrections shift the scalar quadratic
couplings only with Yukawa and scalar quartic couplings.
When a softly broken Z, symmetry is imposed, the scalar

quadratic terms Zf is the only source that breaks Z, and CP
symmetries. Still, its effect tends to be suppressed by
Yukawa couplings and scalar quartic couplings at a large
temperature such that the Z, and the CP symmetries tend to
restore.
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