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We proposed a mechanism in which the lightness of Higgs boson and the smallness of charge parity
(CP) violation are correlated based on the Lee model, namely, the spontaneous CP-violation two-Higgs-
doublet model. In this model, the mass of the lightest Higgs boson m;,, as well as the quantities K and J
are o 14s; in the limit 745, — 0 (see text for definitions of #; and &), namely, the CP conservation limit.
Here, K and J are the measures for CP-violation effects in scalar and Yukawa sectors, respectively. It is a
new way to understand why the Higgs boson discovered at the LHC is light. We investigated the important
constraints from both high energy LHC data and numerous low energy experiments, especially the
measurements of electric dipole moments of electron and neutron as well as the quantities of B meson and
kaon. Confronting all data, we found that this model is still viable. It should be emphasized that there is no
standard-model limit for this scenario; thus it is always testable for future experiments. In order to pin down
the Lee model, it is important to discover the extra neutral and charged Higgs bosons and measure their CP
properties and the flavor-changing decays. At the LHC with /s = 14 TeV, this scenario is favored if there
is significant suppression in the bb decay channel or any vector boson fusion, V + H production channels.
On the contrary, it will be disfavored if the signal strengths are standard-model-like more and more. It can
be easily excluded at (3-5)c level with several fb~! at future e*e~ colliders, via accurately measuring the

Higgs boson production cross sections.
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I. INTRODUCTION

How to realize the electroweak gauge symmetry break-
ing and charge parity (CP) violation is an important topic
in the standard model (SM) and beyond the SM (BSM) in
particle physics. In order to induce the spontaneous gauge
symmetry breaking, the Higgs mechanism was proposed
in 1964 [1]. Meanwhile, in the SM the CP violation was put
by hand via the complex Yukawa couplings among Higgs
field and fermions, namely, the Kobayashi and Maskawa
(KM) mechanism [2]. In 1973, Kobayashi and Maskawa
[2] proposed that if there are three generations of fermions,
there would be a nontrivial phase that leads to CP violation
in the fermion mixing matrix (CKM matrix [2,3]). In a
word, one single scalar field plays the two-fold roles. In
the SM, only one doublet Higgs field is introduced. After
spontaneous symmetry breaking, there exists one physical
scalar, the Higgs boson. It is essential to discover and
measure the properties of the Higgs boson, in order to test
the SM or discover the BSM.

A. Status of experimental measurements
on new scalar boson

Experimentally, in July, 2012, both CMS [4] and ATLAS
[5] discovered a new boson with the mass around
125.7 GeV in yy and ZZ* final states with the luminosity
of about 10 fb~!. At the LHC, the SM Higgs boson can be
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produced through the following three processes: (1) gluon-
gluon fusion (ggF); (2) vector boson fusion (VBF); and (3)
associated production with a vector boson (V + H). It can
also be produced associated with a pair of top quarks due
to the large m,, but the cross section is suppressed by its
phase space and parton distribution function (PDF) of
protons. A SM Higgs boson would mainly decay to
fermion pairs (bb, 7+ 7™, or 17 if heavier than 2m,), massive
gauge boson pair (WHW~, Z°Z°), massless gauge boson
pair (gg, yy), etc. The decay properties for a 125.7 GeV SM
Higgs boson are listed in Table I; for the production and
decay properties, see also the reviews [6] and [7].

The updated searches by CMS [8-11] and ATLAS
[12—15] with the luminosity of about 25 fb~! till the end
of 2012 gave the significance s and signal strengths u
(defined as the ratios between observed o - Br and the
corresponding SM prediction) for some channels. Because
the measurements will be utilized to constrain the new
model in this paper, we list the results in Table II for CMS
and Table III for ATLAS.? The new boson has a combined
mass 125.7 GeV and it is also favored as a 0T particle in

'Some new analyses updated in 2014 are used as well, which
modify the old results a little bit.

The VBF events are usually easy to tag with two jets that have
large invariant mass, while sometimes it is difficult to tag a gluon
fusion event.
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TABLE I. Table for the SM prediction for the decay branching
ratios of a 125.7 GeV Higgs boson; the numbers are from [7].

Decay channel Branching ratio (%) Relative uncertainty (%)

bb 56.6 +33
cc 2.85 +12.2
Tt 6.21 +5.6
q9 8.51 tlg%z
ww* 226 2
7z 2.81 i
7y 0.228 +4.9
Zy 0.16 8o
Total width 4.17 MeV +3.9

TABLE II. Signal strengths for some production and decay
channels of the new boson at CMS (with combined significance
over 30).

u(VBF/V +H) u(ggF) u(combined) Significance
vy 158707 112793 114702 576
z7* 1.7122 0.80705%  0.937922 6.80
Ww* 0.6070-27 0.747935  0.72109 436
e 0944041 0.78 +0.27 3.2¢

TABLE III. Signal strengths for some production and decay
channels of the new boson at ATLAS (with combined signifi-
cance over 3o0).

u(VBF/V +H)  u(ggF)  u(combined) Significance
ry 08407 1324038 1.17+0.27 520
77" 0.26105; 1667021 1.4370%9 8.lc
wWw* 1.281032 1015058 1.095905 6.lc
e 1.2410:38 1931145 142104 4.56

spin and parity by the data [9,16,17] if we assume that there
is no CP violation induced by this boson.

The experimental measurements of the new particle are
in agreement with the SM predictions within the current
accuracy. In the SM the electroweak fitting results [18] also
favor a light one. It allows a SM Higgs boson lighter than
145 GeV at 95% C.L. inferred from the oblique parameters
[19] with fixed U = 0. However, there is still spacious
room for the BSM. For example, if we assume that the new
particle is a CP-mixing state, the general effective inter-
action for hZZ can be written as [9,20,21]

h 1 1 -~
Lizz = » <alm%Z”Z,, + EaQZWZ’“’ + §a3ZWZ” > (1)

with Z,, = (1/2)€,,045Z*. Define
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(a3/a1)2 (2)

Jos = (as/a,)* +01/03

where o3) is the partial width for a pure CP even (odd)
state with a3y = 1. Direct search by CMS gives
fa3 <047 at 95% C.L., which leads to |as/a,| <24
[9]. In a renormalized theory, a, and as, which are loop
induced, are expected to behave as a,3/a; < O(1), so
they are still not constrained by current LHC data.

B. The issue of lightness of new scalar boson
in the SM and BSM

BSM is well motivated because the SM cannot account
for the matter-dominant Universe and provide the suitable
dark matter candidate. However, BSM scale is usually
pushed to a much higher value than that of weak inter-
action, given the great success of the SM. In such circum-
stance, the 125.7 GeV scalar boson is unnatural. In other
words, the lightness of the new scalar must link to a certain
mechanism. The issue of the lightness of the new scalar
differs in the SM and BSM. In the SM, we cannot predict
the mass of Higgs boson, and the Higgs boson with the
mass 125.7 GeV simply implies that the interactions are in
the weak regime. For example, the Higgs boson self-
coupling

o
2

U2:0.13 < 1. (3)
Compared with the strong interactions at low energy,
the mass of ¢ particle [or we call it f;(600), which plays
a similar role as the Higgs boson) m, > f,(~93 MeV)
appears at a typical scale A ~4xf, ~O(1) GeV. Thus,
we can argue that the new boson with mass 125.7 GeV is
rather light compared with the strong interaction. As a side
remark, the pion mass m, ~ O(f ) is light compared with ¢
due to the approximate chiral symmetry. This has motivated
the idea that the new scalar boson may be the pseudo—
Nambu-Goldstone boson for certain unknown symmetry
breaking.

Theoretically, in some BSM models there exists a light
scalar naturally. For example, (1) in the minimal super-
symmetric model, the lightest Higgs boson should be
lighter than 140 GeV including higher-order corrections
[22] (at tree level it should be lighter than the mass of Z
boson); (2) in the little Higgs model, a Higgs boson that is
treated as a pseudo—Nambu-Goldstone boson must be light
due to classical global symmetry and it acquires mass
through quantum effects only [23]; (3) similarly, anomalies
in scale invariance can also generate a light Higgs boson
as well [24]; and (4) the lightness of Higgs boson can
intimately connect with the spontaneous CP violation [25].
While the first three approaches are based on the conjec-
tured symmetry, the last one utilizes the observed approxi-
mate CP symmetry. Historically, Lee proposed the
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spontaneous CP violation in 1973 [26] as an alternative
way to induce CP violation. For the fourth approach, Lee’s
idea is extended to account for the lightness of the observed
Higgs boson.

C. The lightness of new scalar boson
and spontaneous CP violation

CP violation was first discovered in neutral K meson in
1964 [27]. Experimentally, people have already measured
several kinds of CP-violated effects in neutral K and B
meson, and charged B-meson systems [28]. This CP
violation can be successfully accounted for by the CKM
matrix, which is usually parametrized as the Wolfenstein
formalism [29]

1-12/2 A A/13(p—i;1)
VCKM - —ﬂ 1 —_ /12/2 14//{2
A/13(1 —p—in) —A)? 1
+O0UY). (4)
The Jarlskog invariant [28,30]
J = A%% = (3.06103)) x 107 (5)

measures the CP violation in flavor sector. The smallness
of J means the smallness of CP violation in the real world
in the SM. Another possible explicit CP violation comes
from the 6 term

%
%

Ly = 8z M

G (6)
in the QCD Lagrangian [31,32]. The parameter 0 is
strongly constrained by the neutron electric dipole
moment (EDM) measurement [33,34], namely,
18] <107'° Why @ is extremely small is known as the
strong CP problem. It is often interesting, necessary, and
useful to search for other sources of CP violation beyond
the KM mechanism. As a common reason, for example,
CP violation is one of the conditions needed to produce
the matter-antimatter asymmetry in the Universe today
[35], but the SM itself cannot provide the first order
electroweak phase transition and large enough CP vio-
lation to get the right asymmetry between matter and
antimatter [28,36-38].

In 1973, Lee proposed a two-Higgs-doublet model
(2HDM; Lee model) [26] in which all parameters in the
scalar potential are real but it is possible to leave a
nontrivial phase £ between the vacuum expectation values
(VEV) of the two Higgs doublets. CP can be spontaneously
broken in this model. Chen er al. [39] proposed the
possibility that the complex vacuum could lead to a correct
CKM matrix, which means that we can set all Yukawa
couplings to be real; thus, the complex vacuum would
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become the only source of CP violation. It is also a possible
way to solve strong CP problem, for example, in sponta-
neous CP-violation scenarios, € arises only from the
determinant of quark mass matrix. Assuming 6 = 0 at tree
level, the loop corrections can generate naturally small 6
[40,41], the so-called “calculable 8" [31]. Without impos-
ing symmetry [42], the Yukawa couplings are arbitrary,
which will generate the flavor-changing neutral currents
(FCNC) at tree level. FCNC are severely constrained by
experiments. Cheng and Sher proposed an ansatz [43] that
the flavor-changing couplings should be « ., /m;m; for two
fermions with mass m; and m;. One of the authors of this
paper had proposed a mechanism [25] to understand the
lightness of Higgs boson in the £ — 0 limit. In this paper,
we will explore the relation between the smallness of CP
violation and the lightness of Higgs boson in a similar way
as the Lee model further. Specifically, we will study the full
phenomenology of the Lee model to see whether this model
is still viable to confront LHC data and numerous low
energy measurements.

We should mention that there are also cosmological
implications for the Lee model. In this model, CP is a
spontaneously broken discrete symmetry; thus, it may face
the domain wall problem [44] during the electroweak phase
transition. It is argued that if there is a small initial bias,
and thus one of the vacuum states is favored, the domain
walls would disappear soon [44,45], for example, if there is
small explicit CP violation [46]. In the soft CP breaking
model, the electroweak baryogenesis effects are estimated
by Cohen et al. [38] at early time, and was estimated again
by Shu and Zhang [47] after including LHC data. They
found that the observed matter-antimatter asymmetry can
be explained. It is also discussed numerically that an
inflation during the symmetry breaking would forbid the
domain wall production [48].

This paper is organized as follows. Section II presents
the Lee model and the scenario that lightness of Higgs
boson and smallness of CP violation are correlated.
Sections III-IV contain the constraints on the Lee model
from high energy and low energy data, respectively.
Section V studies the perspectives for the Lee model for
future experiments. The last section collects our conclu-
sions and discussions.

II. THE LEE MODEL: MASS SPECTRUM
AND COUPLINGS

We begin with the description of the Lee model [26]
assuming that in the whole Lagrangian there are no explicit
CP-violation terms, which means all the CP-violation
effects come from a complex vacuum.” For the Lee model,
the interactions of scalar fields read [26]

3For a review on 2HDM, the interested reader can read
Ref. [49].
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L= (Dyh1)(D"¢1) + (Duh2)(D'py) = V(1. ). (7)

oF 2
¢1 = vitR il | ¢2 = Ve +Ry+il, <8)
V2 V2

are the two Higgs doublets. We can get the masses of gauge
bosons

Here,

g U% + U% \/(92 + 9/2)(71% + U%)
my = 72 ) my = )
)

by setting v = \/v7 4 v3 = 246 GeV. Defining R([);; as
the real (imaginary) part of gqu’r j» We can write a general
potential as

V == V2 + V4
= uiRi1 + u3Ryn + MR}, + R Ry + 43R Ry
+ A4RT, + AsR1y Ry + AR5, + 4715, (10)

in which we can always perform a rotation between ¢,
and ¢, to keep the coefficient of R, term zero in V,. We
can also write the general Yukawa couplings as

Ly =-0p:(Y14¢ + Ysuh2)i;Drj
— 0ui(Y i + Y2u§$2)ijURj’ (11)

in which ¢; =ic,¢; and all Yukawa couplings
are real.

By minimizing the Higgs potential, and for
some parameter choices, we can get a nonzero phase
difference ¢ between two Higgs VEVs, which would
induce spontaneous CP violation. We can always
perform a gauge transformation to get at least one of
the VEVs real like in (8). When vy, v,,& # 0, we can
express

A3+ 4 A
ﬂ%:—ﬂ]v%— 3+ 70%—£U1020055; (12)

2 2

A+A A
”%:—%y%—ﬂéy%—gvlvzcosf. (13)
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tan is identified as v,/v, as usual. We also have an
equation about £,

%211%4—%51)%—#(/14—/17)1111;2cos§:0, (14)
which requires A,v? + 503 < 2|14 — A7|v;v,. Of course,
the couplings A; must keep the vacuum stable; for the
conditions see Sec. A for details.

All the CP-violation effects in the real world are small
(see the data in [28]), corresponding to the smallness of the
off-diagonal elements in the CKM matrix that leads to the
smallness of the Jarlskog invariant. As a limit, when
ty =tanf} — 0, or we may write 73s; — 0 instead since
|s¢| < 1 always holds, there would be no CP violation in
the scalar sector. The CKM matrix would be real; thus,
there would be no CP violation in the flavor sector as well.
In this paper we will consider the small 7 limit, in which all
CP-violation effects tend to zero as 1; — 0. We treat the
whole world as an expansion around the point without CP
violation.

The two Higgs doublets contain eight degrees of
freedom, three of which should be eaten by massive
gauge bosons as Goldstones. So there are five physical
scalars left, two of which are charged and three of which
are neutral. If CP is a good symmetry, there will be
two CP even and one CP odd scalar among the three
neutral ones. However, when CP is spontaneously break-
ing, the CP eigenstates will mix with each other; thus, the
neutral scalars have no certain CP charge. We have the
Goldstones as

G* = cpbi + ¥y (15)
GO = C/}Il + S[)’C§IZ — S/;SfRz. (16)

The charged Higgs boson is the orthogonal state of the
charged Goldstone as

H* = —e*spfi + cpy (17)
and its mass square should be

I v?
m2. = —77, (18)

while for the neutral part, we write the mass square matrix
as mv?/2 in the basis (—sgl; + cpcel, — cpseR, Ry,
sely + c¢R,)". The symmetric matrix / is

4. . . . .
We write s, = sina, ¢, = cosa, t, =tana for short in this
paper.
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—((A4 = A7) spce
+Aacp)se
4/11C/3 + 212CﬂSﬂC£
+(A4 = A9)s5c2

(A4 —/17)52

and its three eigenvalues correspond to the masses of three
neutral bosons.
We expand the matrix 71 in series of 75(s;) as
ﬁl = I’;lo + (fﬂSé)ﬁ’ll + (tﬂS§)2ﬁ12 + s (20)
to get the approximate analytical behavior of its eigenval-
ues and eigenstates. Certainly, we have

(1)1

" (0)33

20202 s~ 2
VLS m
%: ﬂé(( 1)12_|_

2 \(mo)n

(i)

v 1552 2 52 §2
p¢ 2 0 0 2 0
:—4(/1‘4—1)(~ + — >+/1<~
2 { ’ ’ (mg)x  (1g)33 > (1)

(m1)13

(CaRz - SBRI)
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—((A4 = A7) cpee
+25Sp)s¢
(2(43 + A7) + (A4 — A7)c3)sp¢5

) 19
-Hzcr,zjcé + lsslzjc,: (19)
(A4 = A7)cje;
+2/15Sﬁ6'/}€§ + 4/166%
lim det(m) = det(img) = 0, (21)

tgs:—0

which means a zero eigenvalue of m; thus, there must be a
light neutral scalar when 45, is small. To the leading order
of 155, for the lightest scalar h, we have

— I+ tys; <2(/13 + A7) <(ﬁ10)22 + (ﬁf)ﬁ) + /15;29 ((rho)22 - (m;)33>)R1 " ((/13 + A1)sag <(ﬂ1;)22 - (rhi)w)

S c2 1
(o) (o)) ) 1

while for the two heavier neutral Higgs bosons, we have

2
) v

Mz =5 ((M0)233) + Ol1pse)), (24)

in which (7i1) ;33 are the other two eigenvalues of 7ny and

. 40 + Ay — A4
(m0)22(33) = 5
40— (Ag — A
+ (% Cy9 + /12529>, (25)

where 6 = (1/2) arctan(24,/(44, — 44 + 47)). The physi-
cal states are

%\ (1 .
wm) %%+“”Q%m wm)+%}
(22)
I
2
(23)

<Zj) - <_c:€ Z) <2> + Otpse).  (26)

For all the details about scalar spectra and their small 745
expansion series, the interested reader can see Sec. B.

From the Yukawa couplings we will get the mass
matrices for fermions as

v .

(MU)ij = ﬁ (Ylucﬁ + Y2u5/ie_l§)ij, (27)
v .

(Mp);; = 7§ (Yyacp + YQdSﬂelf)ij' (28)

We can always perform the diagonalization for My p) with
matrices U(D); and U(D)y as
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mu
UMyU 12 = me )

mgy
D, MpD} = m, . (29)

my

And Vegm = U LDZ is the CKM matrix.
In this scenario, the couplings for the discovered light
Higgs boson should be modified from the SM by a factor as

2m?
_ w
ﬁh,eff = Cv( v

- Z(CUiULiURi + ¢piDyDg; + He)h,  (30)

2
W Wh 4+ @zﬂﬂ) h—covH H h
v

where the factors ¢, and ¢y, must be real, but ¢;; and cp;
may be complex. According to (C1)—(C4) in Sec. C, to the
leading order of #4s:, we straightforwardly have

cy = tgse(14m); (31)
IpS i(Yy)i
Cpi = % (m(Yg)ii +m2(Yoy) i) + (\;%) ; (32)
IpS i(Y5,);
cun="TE ()i + (v - U2 (33)

and the coupling including charged Higgs boson should be

A
Cy = f/ﬁg((ué — A7) + A3 + 5772) (34)

2
where
=B, (00
(mo)yy * (mo)s3
=2l + 47) <(ﬁf’)22 * (ms0%33>
+22 (G~ ) ”
= o By
= (A3 + /17)S220 (@ N (rh(l))33>
Y ((n;_e)zz + (ms09)33>. (36)

We choose all the nine free parameters as nine observ-
ables in the Higgs sector: masses of four scalars m,,, m,,

PHYSICAL REVIEW D 90, 115024 (2014)

ms, and my+; vacuum expected values vy, v,, &; and two
mixing angles for neutral bosons. The mixing angles are
represented as ¢; and c¢;,.

2m? ma
Lyvv = cih; <TW Wiwr + TZZ,,Z”). (37)

The c¢; just stands for the h;VV vertex strength ratio
compared with that in SM.> In the scalar sector, for
nondegenerate neutral Higgs bosons, a quantity K =
c1cyc3 measures the CP-violation effects [49,50],6 while
in the Yukawa sector, the Jarlskog invariant J [30] measures
that. In this scenario, to the leading order of 74s:, we have

K = C1CrC3 = —SgCg(l + ﬂ])tﬁS§ X lﬂSg. (38)
In order to calculate J, we define matrix C as
C = [MyMj,, MpMj}). (39)

We can always choose a basis in which the diagonal
elements of C are zero. Thus,

0 ¢ -G 0 ¢ G
C=|-c; 0 ¢ |+ilc o0 ¢
c, -C 0 c, Ci0

= (ReC + ilmC), (40)

in which using Egs. (27)—(28), to the leading order of #;s,,
we have

LYYl Ya i) (41)

~ v Cﬂ T T T
ImC = T ([YMIYMZ - Yu2Yul ’ Ydl Ydl]
VYl YooYy = YaYp))igse o« tyse. (42)

To the leading order of 1gSe, the determinant

ZJH(mU - m?, U, H(m%i - m%)j)

i<j i<j

c: ¢ C
=C,C,C z 3 43
1C2 3(C1+C2+C3> (43)

det ( lC

where C} Igse; thus,

>There is a sum rule ¢} + 3 +c2 =1 due to spontaneous
electroweak symmetry breaking; thus, only two of the c; are free,
and c; here is just the ¢y in (31).

If at least two of the neutral bosons have degenerate mass, we
can always perform a rotation among the neutral fields to keep
K =0.
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1 Y(C/C)
[T, —m3, ) T (3, — m3,)

J =

According to the Eqgs. (38), (44), and (22), we propose
that the lightness of the Higgs boson and the smallness of
CP-violation effects could be correlated through small 745
since both the Higgs mass m,, and the quantities K and J to
measure CP-violation effects are proportional to 75 at the
small 75, limit.

In the following two sections, we will study whether the
Lee model is still viable to confront the current numerous
high and low energy measurements. From Eq. (31), it is
quite clear that couplings of discovered scalar boson differ
from those in the SM, namely, the Lee model does not have
a SM limit. Provided that the LHC obtained only a small
portion of its designed integrated luminosity, there would
be spacious room for the Lee model. In the long run, the
LHC and future facilities have the great potential to
discover/exclude the Lee model. We will discuss this part
in Sec. V.

III. CONSTRAINTS FROM HIGH
ENERGY PHENOMENA

In this model there are two more neutral bosons and one
more charged boson pair comparing with the SM; these
degree of freedoms may affect the physics at electroweak
scale, and they could also be constrained by direct searches
at the LHC. For the discovered boson, the SM predicts
the decay branching ratios for a Higgs boson with mass
125.7 GeV in Table I. However, in the Lee model, the
modified couplings will change the total width and branch-
ing ratios due to Egs. (31)—(34), together with the pro-
duction cross sections modified by (33) for gluon fusion
and (31) for vector boson fusion and the associated
production with vector bosons. Of course, this model
may also affect top physics because the couplings between
Higgs boson and top quark are not suppressed and it may
also change the flavor-changing couplings especially for
the top quark. Thus, it is necessary to discuss the con-
straints to this model from high energy phenomena.

A. Constraints on heavy neutral bosons

A heavy Higgs boson may decay to WtW~, 27, 2h, 11
(for neutral bosons heavier than 2m, =~ 346 GeV), or
H"H~ (for light charged Higgs boson and a neutral boson
heavier than 2my-=). Based on the searches for the SM
Higgs boson using diboson final state [51], masses and
couplings of the other two heavier neutral Higgs bosons
should be constrained by the data. For a neutral Higgs
boson heavier than 350 GeV, the 7 resonance search [52]
may also give some constraints.

In this scenario, the total width of a heavy boson can be
expressed as

PHYSICAL REVIEW D 90, 115024 (2014)
Ii=Tiyw+ s + i+ g, (45)

where I'; yy, I'; o, T2y, I'; ;7 correspond to massive gauge
boson pairs, charged Higgs pair, neutral Higgs pair, and top
quark pair final states, respectively. The partial decay width
for a heavy neutral Higgs boson with mass m; is

N2
—> (m; > my); (46)

v

Ui _ 3lesil® m; : 1 _4””12 1 — 4micos® (arg(c,;)) .
m; 8z \ v m 2 ’

: nm;
(47)
2 2
Uiz _fix (V)7 [}, (48)
m; 16z \M m;
r, 22 2 Am?
ihh _ ik [ U 1— izh (49)
m; 2z \M mi
in units of its mass. Here, we have the vertices
1 PV 1 o’V
/1- = ih = . 50
i v 8hlaH+8H_ ok v ahlahz ( )
The couplings 4; 1, 4;,, ~ O(1).
The signal strength is defined as
I; 1
ﬂ:i. A A — (51)
osm I'i  Brsmuy)

for a production channel. The ¢/ogy < O(1) for different
channels. For a heavy Higgs boson with m; <2m,,
Brgm(VV) is very close to 1; while for m; > 2m,,
Brgy(VV) has a minimal value of about 0.8 when
m; ~ 500 GeV. According to (46)—(49), we can estimate
that for both m; ~ v and m; > v, y ~ O(0.1-1).

Thus, according to the figures in [51], we have three
types of typical choices for the mass of two heavy neutral
Higgs particles in Table IV. (Here, we write the mass of the
lighter boson m, and the heavier one mjs.)

TABLE IV. Typical choices for the masses of the two heavy
neutral scalars.

Case Allowed m, (GeV) Allowed m5 (GeV)
I <300 <300
I <300 =700
1T =700 =700
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B. Constraints due to oblique parameters

Since the discovery of the new boson, there are new
electroweak fits for the standard model [18]. Choosing
Mo = 173 GeV and  my, ¢ = 126 GeV, the oblique
parameters [19] are

PHYSICAL REVIEW D 90, 115024 (2014)

with R being the correlation coefficient between two
quantities; or

S =0.05+0.09, T =0.08 £0.07, R =+091,

(53)

with fixed U = 0, where R is the correlation coefficient

§=0.03+£0.10, 7=0.05%+0.12, U=0.03%0.10, between S and 7. The basic Mathematica code to draw
Ry =+0.89, Ry =—0.54, Ry =—0.83, the S-T ellipse can be found on the webpage [53].” The
contribution to S and 7 parameters due to multi-Higgs
(52) doublets was calculated in [54] (see the formulas in [49]).
|
1 3
AT =15+ [Z(l — ;) F(my.,m?) = ciF(m3, m3) — c3F(m3, m3) — ¢3F (mi, m3)

TSy My =

+3 Z G mZ’ F(m%!/’ mIZ)) - 3(F(m%’ m%z.ref) - F(m%V’ m%l,ref)):| > (54)
1
AS = Sim [(1 —25%)2G (24, 24) + ¢1G(22. 23) + 3G (23, 21) + 3G (21, 22)

+Z(

where ¢; is the rate of the h;V, V¥ coupling to that in the
SM (c; represents the above- mentloned cy)and > ¢? ci = 1.
my e = my = 126 GeV is the reference point for nggs
boson, z, = (my=/my)?* and z; = (m;/mz)?. The func-
tions F, G, H read (following the formulas in [49])

X+ X X
F(x,y) = 2y_x_yyln<—>; (56)

16
= —?—I—S(x—ky) —2(x—y)?

2 2 3
+3<u+yz_xz+u> m({)
xX=y 3 y

+(I=2(x+y)+(x=-y)?
Xflx+y-—1L1=2x+y) +(x-y)?); (57)

G(x,y)

"Assuming Gaussian distribution, the second Ay? should be
6.0 instead of 6.8 in the code. See the 36th chapter (statistics) of
the reviews in PDG [28], in for its 2014 updated version please
see the 38th chapter instead.

2 m2 . m2 3
pem()) -n (%) -m ()| )
Hir zZ H*

H(x) = —73—9+ 9x — 2x?

n (—1o+ 18x — 6x2 + x3 —9);: D Inx

+ (12 = 4x + x2) f(x, x> — 4x); (58)
where

fem = w1 =N s

2,/—y arctan (@) y < 0.

At removable singularities the functions are defined as the
limit.

The parameter U is usually small so that we fix U =0
from now on. We take the benchmark points according
to the cases in Table IV. We show the contours in Figs. 1-3
for the cases listed in Table IV in the last section.
Throughout the paper, the region outside the green area
is excluded at 68% C.L. and the region outside the yellow
area is excluded at 95% C.L. First, for case I, we take
m, = 280 GeV and m; = 300 GeV. The typical values for
the left diagram in Fig. 1 are ¢? =0.2, ¢} = =04
Here, the blue and red lines refer to 86 GeV < mpy: <
126 GeV and 312 GeV < my: < 350 GeV, respectively.
For the right diagram, ¢ = 0.25, ¢3 = 0.4, ¢3 = 0.35, and
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T
0.3

-0.1

FIG. 1 (color online).

T
0.3r

—0.1F

FIG. 2 (color online).

the blue and red lines refer to 94 GeV < my+ < 136 GeV
and 312 GeV < my= < 351 GeV, respectively.

Second, for case II, we take m, = 300 GeV and
ms = 700 GeV. The typical values for the left diagram
in Fig. 2 are ¢ = 0.2, ¢3 = 0.5, ¢ = 0.3. Here, the blue
and red lines refer to 127 GeV < my= < 149 GeV and
580 GeV < my= < 600 GeV, respectively. For the right

FIG. 3 (color online).

PHYSICAL REVIEW D 90, 115024 (2014)

T
0.3

-0.1

S-T ellipse for case I, m, = 280 GeV and m; = 300 GeV.

0.3r

S-T ellipse for case II, m, = 300 GeV and m; = 700 GeV.

diagram, ¢7 =3 =025, ¢3=0.5, and the blue and
red lines refer to 141 GeV < my: < 163 GeV and
598 GeV < my= < 618 GeV, respectively.

Third, for case III, we take m, =700 GeV and
my = 750 GeV. The typical values for the left diagram
in Fig. 3 are ¢ = 0.2, ¢3 = ¢ = 0.4. Here, the blue and
red lines refer to 218 GeV < mpy: <235 GeV and

S-T ellipse for case III, m, = 700 GeV and m; = 750 GeV.
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748 GeV < my+ < 765 GeV, respectively. For the right
diagram, ¢? = 0.25, ¢3 = 0.4, ¢} =035, and the blue
and red lines refer to 250 GeV < mpy: <269 GeV and
749 GeV < my+ < 767 GeV, respectively.

In type II 2HDM the charged Higgs boson should be
heavier than 360 GeV [55,56] mainly due to the constraint
from inclusive b — sy process. However, in other models,
there are no such strict constraints. Direct searches by LEP
told us that the charged Higgs boson should be heavier
than 78.6 GeV [57]. In cases I-II above, a light (around
100-200 GeV) charged Higgs boson is allowed, while in
case III the charged Higgs boson cannot be lighter than
about 250 GeV. In cases I and III, a charged Higgs boson
with the mass near the heavy neutral bosons is allowed,
while in case II a heavy charged Higgs boson must be
lighter than the heaviest neutral scalar.

C. Constraints due to signal strengths

In Tables II-II, for a certain channel, the signal strength
is defined as

O - Brf B o Ff Ftot,SM

)
Lot

Uf =7 = 60)
! (6-Brp)sm  osm Trsm (

in which ¢/6gy = |c}|*> for gluon fusion processes and
c/6gy = c3 for VBF processes and associated productions
with a gauge boson. For decays without interference,
we simply have I';/I'ysm = |cy|* such as for f =V, b,
7, while for the two photons final state, we have [6,22]

F}’}’

L)y sm
(4/3)ci Ay o (x) ey Ay (o) +(cpv?/2m7, ) Ag(xy) |2
(4/3) A2 (x)+ Ay (xw) 7
(61)

in which x; =m?/4m? for i =1, W, H*. The loop
integration functions are

Agl) = =5 (x = () (62)
Ap() = =50+ (= D) (63)
Aj(x) = é (2x*4+3x+32x - 1)f(x))  (64)

for scalar, fermion, and vector boson loops, respectively,
and

PHYSICAL REVIEW D 90, 115024 (2014)

arcsin®,/x, x<1;
flx) = | 144/1-1/x 2 (65)
-1 In I—\/ﬁ — Tl , X > 1.

In a spontaneous CP-violation model, ¢} (together with
other ¢, for fermions) can be complex while ¢y and ¢,
must be real. Notice that all the ¢y, ¢, ¢, and ¢, are the
same as those in (31)—(34), but ¢, should be modified to ¢}
as

By o (m3 /4m})

I =R — = R 66
ct e(cf) J’_ lA]/Z(m]%/"'m%) m(cl) ( )
in which the function
2f(x
Byat) = - L. (67)

Thus, defining a, = arg(c,) and a] = arg(c}), numerically
we have

a, = arctan(1.52 tan ), 1 + 1.31sina,.

(68)

et = |

Assuming there is no unknown decay channel that con-
tributes several percentages or more to the total width, we
can estimate that

I
—% = 0.57|c,|* + 0.25¢% + 0.06|c,|?
l—‘tot,SM
+0.03|c.|> 4+ 0.09|c}[? (69)
according to Table I.
Define the y?
o) Hi fobs — Hi fpre 2
= e I 70
I C— (70)

if

where i = VBF, ggF, VH and f = yy, WW*, ZZ*, 77t~ ata
detector (CMS or ATLAS). The ; f ops(pre) are the observed
(predicted) signal strength for the production channel
i and final state f. We ignored all correlation coefficients
between channels since they are small.

Numerically, we find that the minimal y? is not sensitive
to the charged Higgs mass since the scalar loop contributes
less than the top and W loop in the yy decay channel.
Thus, we take the benchmark point as my: = 150 GeV.
For six degrees of freedom, parameter space with y*> < 7.0
is allowed at 68% C.L. and y> <12.6 is allowed at
95% C.L. For both CMS and ATLAS data, the minimal
x? is very sensitive to ¢y and ¢}, since they give dominant
contributions to most production cross sections and partial
decay widths; it is sensitive to ¢, as well since the total
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FIG. 4 (color online).
figure and |c,| = 0.4 for the right figure.
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I R T2 3
FIG. 5 (color online).  Allowed |c}| — a} contour when taking ¢y,
figure and |c,| = 1.3 for the right figure.

width is sensitive to |c,|. With the CMS data, we have
cy > 0.22; and with the ATLAS data, we have ¢y > 0.31,
both at 95% C.L. So ¢y = 0.5 is a good benchmark point
as we have chosen in the last section, and it will also be
taken around this point in later analysis. The y? is not very
sensitive to |c,| and c., as both of them contribute to only
one channel, and the charged Higgs loop contributes less in
the yy decay channel. Thus, for most analysis we do not
discuss these two parameters carefully.

For the CMS data, when ¢y ~ 0.5, the y2. ~ 2. The data
favor smaller |c,,| but the minimal value of y? changes little
as ¢, varies, since the points are far away from the 95%
allowed boundary cy = 0.22. Figures 4-6 show CMS
allowed |c}| and &, = arg(c}) for some benchmark points.®

In Figs. 4-5, we choose ¢y = 0.4. Fixing ¢, = 0.2
and |c,| = 0.8, and taking |c,| = 0.1, 0.4, 0.7, we have

*In this paper, the benchmark points are close to the best fit
points for a certain case; thus, the allowed regions are typical
enough.

PHYSICAL REVIEW D 90, 115024 (2014)
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Allowed |c}| — o contour when taking ¢, = 0.4, ¢, = 0.2, and |c,| = 0.8 for CMS data. |c,| = 0.1 for the left
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-3 -2 -1 1 2 3

=04, c. =0.2,and |c,| = 0.7 for CMS data. |c,| = 0.8 for the left

the three figures in Figs. 4-5. The best fit point for |c,|
has positive correlation with |c,|. For larger |c,|, the
best fit point for |c,| increases as well; thus, in the right
figure in Fig. 5 we set |c,| = 1.3 and get a better fitting
result.

In Figure 6, we have ¢y, = 0.5. Fixing ¢, = 0.2 and
lc.| = 0.9, and taking |c,| = 0.1, 0.3, 0.5, 0.7, we get the
four figures. The fitting results are less sensitive to |c,| than
in Figs. 4-5, and the best fit point for |c;| has positive
correlation with |c,| as well. Usually o} ~ 0 is disfavored
while for smaller |c,| and larger ¢y any o is allowed. For
each case, the best fit point is about |a}| ~ 1.2.

For the ATLAS data, when cy ~0.5, the 2. ~7,
which is near the 1o allowed boundary. The data favor
smaller |c,| as well just like the CMS case. Figures 7-8
show ATLAS allowed |c¢}| and «; = arg(c;) for some
benchmark points.

In Fig. 7 we show the allowed regions for c;. Fixing
cy =05, ¢y =04, and |c,| = 0.7, choosing |c,| = 0.2,
0.4, we have the two figures. In Fig. 8, fixing ¢y = 0.6,
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FIG. 7 (color online).

a;

s =04, and |c,| = 0.8, and taking |c,| = 0.1, 0.3, 0.5,
0.7, we have the four figures. Usually, a} ~ 0 is disfavored
while for smaller |c,| and larger ¢y, any « is allowed.
The best fit points for «; are around || ~ 1.2; all these

behaviors are similar to the results from CMS data.

PHYSICAL REVIEW D 90, 115024 (2014)
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Allowed |cj| — & contour when taking ¢y = 0.5, c. = 0.2, and |¢,| = | for CMS data. The four figures
correspond to |c,| = 0.1, 0.3, 0.5, 0.7, respectively.

a;

Allowed |¢}| — o] contour when taking ¢, = 0.5, c. = 0.4, and |c,| = 0.7 for ATLAS data. The left and right
figures correspond to |c,| = 0.2 and |c,| = 0.4, respectively.

For both CMS and ATLAS data, smaller |c,| is favored.

In most cases, the best fit points for |¢}|, |c,| are around 1,
and c; ~ O(0.1). The fitting results for «, favor smaller
|a;|(~1.2) by both data for most |c;| inputs. We also have

the y? for the SM as
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FIG. 8 (color online).
correspond to |c,| = 0.1, 0.3, 0.5, 0.7, respectively.

xéM,CMS =24, )(%M,ATLAS =37 (71)

close to the minimal y? for the Lee model we discussed in
this paper. So the Lee model can fit the current data as well
as those in the SM.

D. Same sign top production

We put no additional symmetries in the Yukawa sector to
avoid tree-level FCNC; thus, the model must be constrained
by processes including flavor-changing interactions. The
tree-level FCNC for up-type quarks will lead to same sign
top quarks production at the LHC. An upper limit at
95% C.L. was given as [58]

o, < 0.37 pb (72)
by the CMS group with an integrated luminosity 19.5 fb™!
at /s = 8 TeV.

In this model, we can write the interaction that can
induce same sign top quark production at the LHC as

1 _
‘CLtuh = __t(gh‘u + fgmys)uh + H.c.

7 (73)

PHYSICAL REVIEW D 90, 115024 (2014)
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Allowed |cj| — & contour when taking ¢y = 0.6, ¢ = 0.4, and |c,| = 0.8 for ATLAS data. The four figures

The lightest neutral boson gives the dominant contribution
when the effect couplings are similar. A direct calculation
gives

7= [ dnidnf,n)fun)o (74)
in which
o — |§tu|4ﬁt/ldc 1 - By 2
0 647rsy J_ 1\1 + 5+ 4m%,/so —2f,cq
1+ picy 2
+ 2 2
1+ f7 +4m;/so + 2pcq
(14 B2 +4m?/s)? — 4p3c3|’

if £1,,85,, + &20éi,, = O where s, is the square of energy in
the frame of momentum center of two partons (both u

quarks). B, = \/1 —4m? /s, is the velocity of a top quark
and @ is the radiative angle in the same frame and

1l = V1E1mP + |E2aP. Using the MSTW2008 PDF
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[59] and comparing with (72), we can estimate

that |&,| < 0.4.

E. Top rare decays

In this model, the FCNC interactions including up-type
quarks will induce rare decay processes of top quark, such
ast — ch and t — uh, usually with a larger decay rate than
that in the SM. When the charged Higgs boson is lighter
than the top quark, there will be a new decay channel ¢ —
H™"b as well. Direct search results at /s = 8 TeV by CMS
at the LHC gave the top pair production cross section [60]
65 =(237+13) pb assuming m, =173 GeV  and
Br(t - bW) = 1, while theoretical calculation predicts
that [61] 67 pe = (24677,) pb. Assuming there are no
effects beyond the SM during the production of top pair,
these results can constrain the top rare decay (all channels
except bW) branching ratio

Br; e = 1 = Br(r = bW) < 7.4% (76)

at 95% C.L.
For the rare decay processes above, the interactions can
be written as

1 _
Lpen = —Ef(flzc + fzchS)Ch + H.c. (77)
Lywnr = =1 + Epy’ )PHT + Hec. (78)

together with (73). Direct calculations give the decay rates

|§tu(tc)|2mt m%, 2
r =1 -— 79
hu(hc) 30 m12 ( )
S [*m, < mlztli)2
Tyip— - , (80)
Hb 167z m?

where £, = \/|&14]* + &>

Direct search for 7 — c(u)h — c(u)yy decays [62] at
ATLAS gives the bound for branching ratios

Br(h
Br(r — ch) 4+ Br(t = uh) < 0.79% - <r(_’77’)SM>

Br(h — yy)
(81)
J
(0.15-0.59)/+/Br(tv),
(0.15-1.12)/+/Br(c5),
|§th| <
(0.13-0.45)/+/Br(1v),
(0.19-0.27)/+/Br(c5),

o~ o~ o~ o~

PHYSICAL REVIEW D 90, 115024 (2014)

TABLE V. Constraints on the r— bH" — bru(cs) from
direct searches for light charged Higgs boson (lighter than top
quark).

Charged Higgs  Br(t —» bH™ — bf)

Process (H™ — f) mass (GeV) 95% C.L.)

H' — ¢5(ATLAS) 90-150 (1 2%-5.1%)
H™ - t7y(ATLAS) 90-160 (0.8%-3.4%)
H* = 77 1(CMS) 80-160 (1 9%-4.1%)
H* — ¢5(CMS) 90— 160 < (1.7%-7.0%)

at 95% C.L., which leads to

|| 4 |E|> < 0.16K,  where

Br(h = 77)sm
=\ Briho ) ~ O (82

and k =1 in the SM. For most cases it is a stronger
constraint on |&£,,| than that in the same sign top production
process, but they are of the same order. A similar
measurement by CMS [63] gives a 95% upper limit
Br(t — ch) < 0.56%; hence, |&,.| < 0.14 with the combi-
nation of Higgs boson decaying to diphoton or multileptons
assuming the SM decay branching ratios of Higgs boson.
If we allow different branching ratios into the SM, the
constraints on this coupling is still of that order. Adopting
the Cheng-Sher ansatz [43], we have

|§tC|U < |§tu‘v
———=<1.5, d ———<44 83
V2mm, "~ a 2m,m,, (83)

assuming SM branching ratios of Higgs boson. For other
branching ratios, the constraints are of the same order.

Direct searches for + — bH'* — brtv,(c5) at ATLAS
[64] for 90 GeV < my= < 160(150) GeV and at CMS
[65] for 80 GeV < my+ < 160 GeV gave the results in
Table V. These results lead to the upper limits region on
|Ep| at 95% C.L. as

CMS, 80 GeV < my: < 160 GeV);
CMS, 90 GeV < my: < 160 GeV);
ATLAS, 90 GeV < my: < 160 GeV);
ATLAS,90 GeV < my: < 150 GeV).

(84)
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TABLE VI. Constraints on the tbH™" vertex coupling |&,,| for
some typical mass of the charged Higgs boson.

Mass (GeV) 100 120 150

CMS(wv) 0.17/4/Br(zv) 0.20/+/Br(zv) 0.38/+/Br(tv)

CMS(cs) 0.15/4/Br(cs) 0.16/+/Br(cs) 0.43/4/Br(cs)
ATLAS(zv) 0.16/+/Br(zv) 0.12/+/Br(zv) 0.25/+/Br(w)

ATLAS(c5) 0.17/+/Br(cs) 0.16/+/Br(cs) 0.27/1/Br(c3)

For some typical mass of charged Higgs boson (which are
allowed for some cases in the S-T ellipse tests) we have the
upper limits of || in Table VI. From all the direct searches
for top decays, we must have a relation

Br(t — hc) + Br(t —» hu) +Br(t - bH') < 7.4% (85)
according to (76) at 95% C.L. as well.

IV. CONSTRAINTS FROM LOW
ENERGY PHENOMENA

The Lee model we discussed in this paper contains
additional sources of CP violation and tree-level FCNC
interactions; therefore, they will affect many kinds of
low energy phenomena, especially for the CP-violation

|
= ()9
e e w* e t e H*

PHYSICAL REVIEW D 90, 115024 (2014)

observables and the FCNC processes. For the CP-violation
observables, we will focus on the constraints from the
EDMs of electron and neutron [66]. For the constraints
on FCNC interactions, we will focus on the mesonic
measurements.

A. Constraints due to EDM and strong CP phase

Direct searches of the EDM for electron (d,) and neutron
(d,) are given as [34,67]

(=2.1 £4.5) x 10"¢ cm

d =

’ (86)
d,=(02+1.7)x 10~2%¢ cm,
which will constrain the corresponding CP-violation
interactions.

The effective interaction for electrons can be written
as [66]

id,
L. gpm = _%EGIWYSEFMJ’ (87)

where d, is the EDM for electrons. In our scenario, the
dominant contribution to electron EDM should be due to
the two-loop Barr-Zee—type diagrams [68,69] involving the
lightest scalar as follows:

2V2a,,,Grm, 8
= TPF <_CVIm(ce)‘]l (my,my) + gRe(Ce)Im(Cz)J1/2<mz, my,)
8
(e Rl m) = et g m) ) (58)

in which the loop integration functions J; come from the
W loop, Jy/2(J}/,) comes from the top loop, and Jy
comes from the charged scalar loop. The analytical
expressions are [69]

m2 m2
Jl(mw,mh):—m—vzv<<5— h>11(mw,mh)
h

2m3,
mj,
+ 3 +m Iz(mw,mh) N (89)
my
Jipp(my,my) = —— 1) (my,, my); (90)
nmy
, m;
Iy (my my) = _WIZ(mnmh); (91)

h

1)2

Jo(mps,my) = =5
2m3

(I (my=,my,) = I (my=,my));

(92)

(93)

Numerically, the contribution from charged Higgs loop
is usually small comparing with the W and top loop,
especially for heavy charged Higgs bosons. As a bench-
mark point, take my= = 150 GeV; we have
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d, = [-(14.0cy + 1.28¢+)Im(c,) + 6.53Re(c,)Im(c,)
+9.32Re(c,)Im(c;)] x 10727 ¢ - cm. (94)

As benchmark points, take ¢y = ¢ = 0.5, |¢;| = 1. For
both CMS and ATLAS data, small a(< 7/2) is favored.
Take o, = 1.2 around the best fit point; thus, a, =~ 1.0, and
the EDM data strongly constrain the coupling c,. For most
a, = arg(c,), the coupling strength |c, | is constrained to be
as small as O(1072-107"). But for some special angles, as
a, ~—2.04 and a, ~ 1.09, |c,| may be as large as O(1).
But the windows are very narrow; in Fig. 9 we show the
constraints close to the special angles.

If adding the contributions from heavy neutral Higgs
bosons, the constraints on ¢, would be shifted. Since both
heavy scalars are CP even dominant, we can estimate that

arg(c,p) =arg(c.3) =arg(c,») =arg(c,3) ~O(0.1),
(95)

and for the two |c,,|, at least one of them is of O(1)
because of its mass, which is the same for |c,;|. For the

PHYSICAL REVIEW D 90, 115024 (2014)
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An example of modified constraints by heavy neutral scalars.

couplings to gauge bosons, we can estimate

G+ =1-c1=07, (96)
thus, at least one of them must be large enough to be
close to O(1). For a neutral Higgs boson with mass
my ~ 300 GeV or m, ~700 GeV, the contributions can
be estimated as

den=(1-5) x 10728 ecm; (97)

dys = (0.5-3) x 10728 ¢cm. (98)

As an example, if the heavy scalars contribute a
d,=2x10"28 ¢cm, Fig. 9 would be changed to
Fig. 10. It still imposes strict constraints on c,, but the
behaviors are different from that without including the
contributions from the heavy scalars.

For neutrons, the effective interaction can be written as
[66,70,71]
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i N ~
‘Cn,EDM = - E Z(dqqalwysqF;w + dqgsqo}wyslaqGZv)
q

w b v.b Fuoc,c eas
— 2 fUG,, GG
3f H +8

G,,G". (99)

T

The first two operators correspond to the EDM(d,)

and color EDM(Ziq)(CEDM) of light quarks; the third
operator is the Weinberg operator; and the last operator, in
which 6 = arg(det(M,, - M,;)), is the strong CP phase. The
|

dy, _2V2,,0,Gpm,
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EDM of the neutron [66,70,71] is

e e

d d d - 3
=14 (—"—0.25—“) +1.1(d;+0.5d,)
e

+(2.5x1071%9+4.3 x 1071w (GeV~2)) cm  (100)
at the hadron scale with a theoretical uncertainty of about
50%. At weak scale the EDM and CEDM for quarks are
given as [70,71]

— (C\/Im<cq)JI (my, my,) + e Im(cy)Jo(my=, my) — % (Re(cg)Im(c,)J, o (m;, my)

e (4r)?

+ Im(cq)Re(ct)J’l/z(mt, m;,))) ;

~ 2\/§aSG m
dy = =y (Relep)Im(c))yyz(my. my)
+ Im(c,)Re(c,) T} o (m;, my)); (102)
and the Weinberg operator [70]
V2Grg,a; m?
with
1 1 w3 (1 —v)
=4 2/ d / d .
gl =4 v e ) + (L= u)(1 = )P
(104)

Following the appendix in [70], with the input
m, =23 MeV, m; =4.8 MeV and a,(m,) =0.11 [28],
numerically, the EDM for the neutron is

. . . . . oy,
-3 -2 -1 1 2 3

FIG. 11 (color online).

(101)

I
d,=(0.5-1.5) x (—(7.0Re(c, ) Im(c,) +4.9Im(c,)Re(c,))
—(29Re(c4)Im(c,) +20Im(cy)Re(c,))
—(2.8¢y +0.25¢. )Im(cy) — (0.66¢y + 0.06¢ ) Im(c,,)
+2.5x 109 +2.3|c,|*sin(2a})) x 10720 ¢ - cm.

(105)

Take benchmark points as usual, and fix ¢y = cy = 0.5
and |¢,| =1, a@, = 1.0 as usual. For |c,| = |c 4| ~ O(0.1),
there are almost no constraints on a, = arg(c,) and

a, = arg(cy). For |c,| = |c4| ~ O(1), constraints on ay
and a, are shown in Fig. 11. Ignoring the € term, for
lcu| = |cq| = 1, ay is constrained in two bands with a width

of Aa, = (0.2-1) from the uncertainties in calculating d,,.
And the widths are more sensitive to c¢,, for example, if
lcg| = 0.5, Aay = (0.5-2). The constraints by neutron
EDM are less strict compared with those by electron
EDM in this model. Contributions from heavy neutral

=25

-3.0F

Plots on the allowed a; — a,, taking a, = 1.0.
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Higgs bosons and nonzero §(<1071°) would also change
the location of the bands.

B. Meson mixing and CP violation

In the SM the neutral mesons K°, D%, BY, and BY mix
with their corresponding antiparticles through weak inter-
actions. Usually, BSM will give additional contributions
to the mixing matrix elements (M°|Hp_»|M°); thus,
they will modify the mass splitting and mixing induced
CP-violation observables. We can parametrize the new
physics effects as [72]

1 _ .
My = P (MO Hapo|M®) = M5 prsm(1 4 Ape).
M

(106)

For mass splitting, we list the world averaging results
[28,73,74] and SM predictions [75-77] for Am in
Table VII. The useful decay constants and bag parameters
are from the lattice results [78]. Only for the D° — D°
system it is difficult to predict Am, since the long-distance
effects are the dominant contributions. Nonzero &, from
new physics will modify the CP-violated effects from
those in the SM; thus, it will be constrained by CP-violated
observable, as ex in K° — K” mixing and sin(2f,,)) in
Bg(s) - BS(S) mixing. They are defined as

=3 (ks =am1) 5 (v =)
(107)

where K (g) is the long (short) lived neutral kaon and M is
the amplitude for the process and

th V?d th V;ks
— — ) = —— 2, 108
P < VerViea Py =arg Ve Ves (108)

where V;; are CKM matrix elements.

First, assuming the charged Higgs boson is heavy and
considering the contribution only from the 126 GeV Higgs
boson, we can write the flavor-changing effective inter-
action as

L;; :fi(flij +&7°)fh +H.e. (109)

TABLE VII. SM predictions and experimental values for mass
difference in meson mixing.

Meson Amey, (GeV) Amgy (GeV)
KO(ds) (3.474 4+ 0.006) x 10713 (3.30 £0.34) x 1071
DO(cir) (1.0£0.3) x 10714

Bg(dl_J) (3.3340.03) x 10713 (3.34+0.4)x 10713
BY(shb)  (1.1663 +£0.0015) x 10~'"  (1.14 £0.17) x 107"
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The lightest neutral Higgs boson contribution to matrix
elements for meson mixing is [79,80]

M 15 01 smBye™

_f%/IBMmM 2 _52 +
- 6m%l lij 2ij

21” _ 11521__ 2
) aw

The parameters f);, By, and m,, are the decay constant,
bag parameter, and mass for meson M°, and mjj) are
masses for the quark f;;. For BY  —BY = mixing,
according to fitting results [81] (see the plots in [82] for
details), for different 6p,3,),

Ag, <(0.1-0.4)

and Ag $(0.1-03).  (111)

For 6p,3,) = 0, the upper limit on Ag, ) is about 0.2.
Comparing with (106) and (110) and adopting the Cheng-

Sher ansatz [43], the typical upper limit on &) has the
order

|Epslv - |Epalv _
=2 <2x107? d =222 <6x1072,
V2mymg "~ * an V2mpmy ™ %
(112)

both of O(1072-107"). For D° — D° mixing, we have the
upper limit

|Eculv
——<0.1. 113
V2mom, ™ (113)
For K°—K° mixing, when 8x~0 or z, we have
Ak < 0.25, which leads to

|§Sd|v < 2 X 10—2

, 114
V2mmy "~ (114)

while for a general g, Ag is strongly constrained to be
less than O(1073) because of the smallness of ex. New
CP-violation effects must be very small in neutral K system
while they are allowed or even favored [81] for other
mesons.

Next, consider the contribution to Bg(s) - B‘a),(s) mixing
from charged Higgs boson. Box diagrams with one or two
charged Higgs boson instead of W boson will contribute to
ABd(Bx) CXp(l.(SBd(BX)) as [83,84]

Fr1(Xews Xem Xgw) + Fa(xem)
]:0<xtW) |

eiéBd(BA) pry

ABd(Bs) (115)

where
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9 6 6%, Inx,y
Folxw) =1+ L —xw - (1 _xtW)z - (1 _xtW)3
(116)
XH 8 —2x;w
Fr(Xws Xem Xpw) = ’1?1@) 1= xm < 1—x,p
(2xpw —8)Inx,y  6xpyy lnx,W>
(1 —x,5)? (1= xpy)?
(117)

1 —x%y + 2x,5 Inx,y
(1- xtH)3

Fo () = My X (118)
at leading order in which 7, z(51,bél,d(s)/ZthV;(d))l/z
v/m, and x;; = (m;/m;)*>. We can parametrize the inter-
actions (80) as

Vip, -
t(Xtm,PL + XD,mD,-PR)Di =+ H.C.,

L+ =—

(119)

in which Py g) = (1 F y°)/2. Thus, n4) ~ |X,|v/(vV2m,)
and it is not sensitive to X if they are of the same order as
X,. According to the constraints in Sec. III E for light charged
Higgs mpy+~ < m,, with a typical coupling |X,|<0.5,
Ag,p,) < 0.2 holds for my+ > 100 GeV and additional
CP-violation effects induced by charged Higgs boson
mediated loop are negligible. Thus, take a benchmark
point my+ = 150 GeV as usual; it is allowed by B-meson
mixing data, while for heavy charged Higgs my: > m,,
the coupling X, is not constrained by #— bH™ decay
process. We can give an upper limit |X,| < (0.6-1)
when 200 GeV < my+ < 600 GeV.

In the D° — D° mixing, another useful constraint comes
from the neutral Higgs boson mediated box diagram. Its
contribution to Amp, is [85]

Giv* €l
#ﬁ)mDBsr}-z(%h)
t

m 4 x 1008, 2

Amj, =
(120)

where 1= (ay(m,)/a,(my))%/ (a,(my)/a,(m,))o/ ~
0.8 and loop function F, is the same as that in (118).
For Amj, contributing less than the order of measured
Amp, we have |£,,&,.| < 1.5 x 1073 and hence we can put a
stronger constraint than (83) on the flavor-changing inter-
actions including top as

2
—25“‘5;1’”"1 <s, (121)
t u c

which is of O(1).
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C. The B leptonic decays

The rare decay process B, ; — utu~ has been measured
by LHCb [86] and CMS [87] Collaborations, respectively,
with the results

Br(B, — utp)
297§ x 107, (LHCb,4.05significance),
3.0500 x 107, (CMS, 4.3 5 significance)
(122)

and

_ 3.7437 x 1071°,  (LHCb),

Br(B; - utu~) = { +2215 i . (123)
3.5 x 10719, (CMS)

A combination result is Br(B; — u*u~) = (2.9 £0.7) x
10~ by CMS and LHCb Collaborations [88]. There is no
evidence for the process B; — "y~ The results correspond
to the SM prediction [89] (and updated results [90] in 2014),

Br(B, — utu )y = (3.65 £0.23) x 10, (124)

Br(B; = utp)gy = (1.06 £0.09) x 10719, (125)
where the modified branching ratio Br means the averaged
time-integrated branching ratio and it has the relation with the
branching ratio Br as [91,92]

Br(B; — w'u~) = Br(By — u'u”) (1 + 0(%))

(126)

See Sec. D for details.

Consider the neutral Higgs boson mediated flavor-
changing process first. Using the constraints in (112),
we can estimate the contributions to Br(Bg, — p*u~) as

o, — ) = A (S Y:
) =
(

87Lp 1ot my, + mg)vm;,
S4x1072c, (127)
m c 2 m2 m 2
OBr(B, — ) — 2 ( [, 2)
872L'p, 1ot \ (1, + mg)vmy,
<S1x1072c, . (128)

We cannot get stronger constraints through these processes
on |c,| than direct search [93], which gives |c,| < 7.

Next, consider the charged Higgs boson contribution.
For [X,| ~ [X}, ;| ~ O(1), the charged Higgs boson loop is
sensitive to X, and my= only [94]. According to [94], it is
estimated that
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FIG. 12 (color online).
and mpy+ = 500 GeV.

OBr(B, — ptu~) (1 Rl Y2HDM>2, (129)

Br(B, - utu”) ~ N Y

where 7 = 0.987 is the electroweak and QCD correction
factor and

Xy (Xew — 4 3xw
You=— 1 ; 130
M 8 <xtW -1 (xw— 1)2 nx,w> ( )
2 1
YZHDM == xt_W + XHW 5 111 XIW .
8 \Xuw — Xw (xHW - Xw) XHW

(131)

If the charged Higgs boson is light, (my+) < m,, |X,| = 0.5
is allowed at 95% C.L., while for a heavy charged Higgs
boson, when 200 GeV < my= < 600 GeV, we have the
95% C.L. upper limit on |X,| as |X;| < (0.6-1.1) with the
combined experimental results or |X,| < (0.8-1.4) with
single experimental result.

D. The B radiative decays

The inclusive radiative decays branching ratio of B
meson B — X,y (or we say b — sy at parton level) has
the averaged value [73]

Br(B — X,y) = (3.43 £0.22) x 1074, (132)
with the photon energy E, > 1.6 GeV. The SM prediction
for that value is (3.15£0.23) x 107 to O(a?) [56,95].
In a 2HDM, the dominant contribution to modify this decay
rate is from a loop containing a charged Higgs boson
instead of the W boson in the SM. The neutral Higgs loop
contribution is negligible because of the suppression in &
and M (s) / v.

The charged Higgs boson loop is sensitive to both X,
and X, thus we should take some benchmark points.
Defining a;, = arg(X,/X,), for a light charged Higgs

PHYSICAL REVIEW D 90, 115024 (2014)
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Plots on allowed a;,, — |X,,|. For the left figure, |X,| = 0.5 and my+ = 150 GeV; for the right figure, |X,| = 0.8

boson, take |X,| =0.5 and my+ = 150 GeV as before;
while for a heavy charged Higgs boson, take |X,| = 0.8
and my= = 500 GeV. We show the allowed region for
ap; — | Xp| in Fig. 12 utilizing the calculations in [56,96].
From the figures, we can see that for most a,,, the coupling
|Xp| is constrained to be <O(1); while for some angles it
can be larger.

V. FEATURES OF THE LEE MODEL AND
ITS FUTURE PERSPECTIVES

One of the main goals of this paper is the phenomeno-
logical study of the Lee model with spontaneous CP
violation [26]. We can see from the last two sections that
the Lee model is still viable to confront the high and low
energy experiments. The next natural question is how to
confirm/exclude this model at future facilities.

In the scalar sector there are nine free parameters ,u%, u%,
and A, 7, corresponding to nine observables:

(1) Four masses my,, m,, my, and mpy:;

(i) VEVs and a physical phase vy, v,, & (or equivalently

v, tan g, &);

(iii) Two neutral scalar mixing angles; equivalently we
choose the ratios ¢; and ¢, of the couplings to gauge
boson compared to the corresponding ones in the SM.

We treat the discovered scalar with mass 126 GeV as the
lightest neutral Higgs boson. If the Lee model is true, the
extra neutral and charged Higgs bosons should be discov-
ered at high energy colliders. As a general rule, the lighter
the extra Higgs bosons, the easier they can be produced.
In order to confirm the Lee model, another possible signal
can be the FCNC decay of the neutral Higgs bosons that

That is because with merely the decay rate, we can only
determine the absolute value for the b — sy amplitude. The
largest allowed X, can reach 14 for the left figure and 28 for the
right figure, in which case the new physics contribution is twice
as large as the SM but with the opposite sign.
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are unobservably small in the SM. Furthermore, the CP
properties of the Higgs boson are essential measurements,
though measuring is a very challenging task.

As we have pointed out there is no SM limit in this
scenario; thus, it is always testable at the future colliders,
such as the LHC with /s = 14 TeV, CEPC, ILC, or TLEP
with /s = (240-250) TeV, even before the discovery of
other neutral Higgs bosons and charged Higgs boson. The
coupling between the lightest Higgs boson and other
particles (especially for massive gauge bosons W* and
Z°) is usually suppressed by the factor of O(zs,). In the bb
decay channel or any VBF, V + H production channel, a
significant suppression can be the first sign of this scenario.
On the contrary if the signals become even more SM-like,
this scenario will be disfavored.

For future LHC with /s = 14 TeV, the signal strengths
will be measured with an uncertainty of about 10% at the
luminosity 300 fb~! [97,98]. Perform the same y fit as in
(70), and add the bb decay mode in. The value of y? is
sensitive to ¢y and ¢, and the magnitude of cy is a criterion
for this model. A Higgs boson with ¢y = (0.6-0.7) is
hardly pseudoscalar dominant; thus, if ¢y, < (0.6-0.7) is
excluded, we can say this scenario is excluded. So we can
test this scenario by fitting the signal strengths. We list the
estimating results in Table VIIIL.

If all signal strengths and the overall y? are consist with
SM at 1o level, for the integrated luminosity 300 b1 all
cy < 0.62 can be excluded at 95% C.L. (20) while all ¢y, <
0.55 can be excluded at 99.7% C.L. (30); For the integrated
luminosity 3000 fb~!, all ¢, <0.77 can be excluded at
95% C.L. (20) while all ¢y <0.72 can be excluded at
99.7% C.L. (306). If all signal strengths and the overall y?
are consistent with SM at 20 level, for the integrated
luminosity 300 fb~!, all ¢, <0.53 can be excluded at
95% C.L. (20) while all ¢y <0.45 can be excluded at
99.7% C.L. (30); For the integrated luminosity 3000 b,
all ¢y < 0.7 can be excluded at 95% C.L. (20) while all
cy S 0.65 can be excluded at 99.7% C.L. (35). All the
results are for the largest parameter space in this scenario

TABLE VIII. Abilities to test the scenario at /s = 14 TeV
LHC. Lower limits for the allowed cy at 20 and 3¢ levels are
listed in the tables. For the top/bottom tables we assume that all
signal strengths are consist with SM at 1 and 20 level,
respectively.

Excluded level 20 30
300 fb~! 0.62 0.55
3000 fb! 0.77 0.72
Excluded level 20 30
300 fb~! 0.53 0.45
3000 fb~! 0.7 0.65
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because the true ability to test this scenario by y?> depends
strongly on the real signal strengths from future
experiments.

Another useful observable is f,; defined in (2). For
/s = 14 TeV, the 95% C.L. upper limit on f 3 will reach
about 0.14 (0.04) for the luminosity 300(3000) fb~!
[97.98],' which leads to the constraints |a3/a;| <
1.0(0.5) ~ O(1) separately. For |c,| ~ O(1), it is still too
large to give direct constraints on a, = arg(c,).

At a Higgs boson factory with the e e~ initial state at
/s = (240-250) GeV, the dominant production process
for a Higgs boson is associated with a Z° boson. Another
important production process is through VBF. In this
scenario it is suppressed by a factor ¢?; thus, we can
exclude this scenario if the total cross section favors the
SM. For the total cross section, a measurement with
O(10%) uncertainty is accurate enough to distinguish
the scenario we discussed in this paper and SM at 36 or
even 5o significance. Such accuracy can be achieved at
CEPC/ILC/TLEP. At /s = 240 GeV TLEDP, the total cross
section can be measured with an uncertainty 0.4% for the
integrated luminosity 500 fb~! [99,100], while that value is
about 3% for the integrated luminosity 250 fb~! ILC at
Vs =500 GeV [101].

VI. CONCLUSIONS AND DISCUSSIONS

In this paper we proposed a scenario in which the
smallness of CP violation and the lightness of the Higgs
boson are correlated through small 745, based on the Lee
model, namely, the 2HDM with spontaneous CP violation.
The basic assumption is that CP, which is spontaneously
broken by the complex vacuum, is an approximate sym-
metry. We found that m, as well as the quantities K and J
are « fgsg in the limit z3s: — 0. Here, K and J are the
measures for CP-violation effects in scalar and Yukawa
sectors, respectively. It is a new way to understand why the
Higgs boson discovered at the LHC is light. In this
scenario, all the three neutral physical degrees of freedom
mix with each other; thus, none of them is a CP eigenstate.

We then investigated the phenomenological constraints
from both high energy and low energy experiments and
found the scenario still alive. The lightest Higgs boson
usually couples with SM gauge and fermion particles with a
smaller strength than in the SM; thus, the total width must
be narrower than that in the SM. Such choice of the
parameters makes the Lee model still allowed by the CMS
or ATLAS data. The LHC search for heavy neutral bosons
implies that the masses of the other two neutral bosons
should be away from the region 300700 GeV. The S-T

AImost the same for the CMS and ATLAS detector, with
300(3000) fb~! luminosity, the upper limit can reach 0.15
(0.037) for ATLAS and 0.13 (0.04) for CMS; see details in
the references.
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ellipse also strictly constrains the mass relation between the
charged and neutral bosons as can be seen in Figs. 1-3. We
also fitted the CMS and ATLAS data, respectively, for
example, see Figs. 4-8. We found that this scenario is still
allowed for either collaboration’s data. It is not sensitive to
the charged Higgs contribution. After considering all the
data, a light charged Higgs boson with the mass of about
100 GeV is still allowed. Small hbb vertex is favored for
both CMS and ATLAS data. The minimal j? is close to the
x? in the SM; thus, we cannot conclude that the SM is better
than the Lee model.

We forbid the explicit CP violation in the whole
Lagrangian, including the Yukawa sector; thus, we must
tolerate the tree-level FCNC. The flavor-changed couplings
including top quark are constrained by the same sign top
production process and the top quark rare decay, besides
the constraints by B physics processes. The tree-level
FCNC vertices including five light quarks are strongly
constrained to be less than O(1072-107"), /2m;m /v while
for the vertices including top quark it should be less than
O(1)y/2m,m,/v. The coupling X, for tbH" vertex is
constrained to be less than (O(0.1-1) for different my:-,
while X, ~ O(1) are usually allowed by b — sy data.

The constraints by EDMs are usually very important in
discussing a model with CP violation, because new sources
of CP violation may modify the theoretical prediction of
EDMs from the SM by several orders of magnitude, and
may be testable by the experiments now. The EDM for
electrons gave very strict constraints on the hée vertex as
shown in Figs. 9-10, while the EDMs for neutrons gave
weaker constraints on hdd and hiiu vertices; see Fig. 11.

There is no SM limit for the lightest Higgs boson in this
scenario; thus, it is testable at future colliders. At
\/s = 14 TeV, besides discovering the extra neutral and
charged Higgs bosons, the ability to test this scenario
depends on how far the signal strengths for the 126 GeV
Higgs boson differ from the SM predictions, as listed in
Table VII. From the discovery point of view, if any
suppression in the VBF, VH production channel or bb
decay channel is confirmed, this scenario would be favored.
On the contrary, if all signals are SM-like more and more
at future colliders, this scenario would be disfavored by
data. For most cases 300 fb~! luminosity is not enough to
exclude this scenario, while 3000 fb~! luminosity is better.
At /s = (240-250) GeV e*e™ colliders, several fb~!
luminosity is enough to distinguish this scenario and SM
at (3-5)o level by accurately measuring the total cross
section. We emphasize that measuring the CP properties
and the flavor-changing decay of the Higgs bosons is
essential to pin down the Lee model.

We did not build the model for the flavor sector in detail;
thus, we did not solve the natural FCNC and strong CP
problems. It is possible to solve the FCNC and strong CP
problems together, for example, see the model proposed by
Liao [102]. We also did not discuss the constraints from
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flavor-changing processes in the lepton sector. As a model
with CP violation, there may also be some new CP-
violation effects, especially in top, 7, and neutral D sector
where no CP violation has been discovered. We did not
study the cosmological effects in this paper, like the domain
wall and electroweak baryogenesis in this model. All these
consequences will be further scrutinized in the future.
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APPENDIX A: VACUUM
STABILITY CONDITIONS

For the potential (10), when |¢;| = 1/¢j¢i —-00,V2>0
must hold to keep the vacuum stable. Writing |¢,| = ry,
2| = 1, and ¢p]¢h, = rexp(ia), we have

|¢T¢2|:”5|¢1|‘|¢2|:’”1’”2- (A1)
The R;; and I;; can be expressed as
Ry = r3, Ry, =13, Ry, = rcosa,
1 2 (A2)
I, =rsina.
Thus, we have that the equation
V= /11}’? +/13I‘%r% —I—/lﬁré
+ rca(/lzr? + /157'%) + }’2(/14(3(% + 175%,) (A3)

holds for any a and 0 < r < r7,.
Another type of condition is that the potential should be
minimized when

@) = (L) o

It is equivalent to the conditions that the mass matrix for
neutral Higgs boson, m in (19), must be positive definite.
We write the conditions as

trin > 0, (trm)? — tr(m)? > 0, detm > 0. (A5)
If there exists more than one local minimal point for the
potential, the physical vacuum should be chosen at the
global minimum if we want to forbid a metastable vacuum.

APPENDIX B: SCALAR SPECTRA
AND SMALL #;5, EXPANSION

In the unitary gauge the mass square matrix for charged
scalars reads
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p- v3 —v e
—V0re€ U1
The eigenvalues are
I v?
mg. =0; mr. = ——72 : (B2)

where the zero eigenvalue corresponds to the charged

goldstones, which will be eaten by the longitudinal part

of W bosons. Diagonalize (B1) by performing a rotation,
cosf

G*\ e"sinp\ [ 7
(H+> a (—elfsinﬂ cos 3 ><¢2+>' (B3)

For the neutral parts, in the basis (1, 1,, R, R,)7, for any
angle a to appear below, we have the mass square matrix
M} = (v*/2)m;;, where

myp = (A4 —/17)5%52;

mp, = /15s/2}s§;

myy = (Aacp + (Ag = A7)SpCe)sp8es

mig = ((A4 = A7)cp + AsSpCe)spse:

myy = 4465553

myy = 2((A3 + A7)cp + Assgee)spse

Moy = (Ascp + 4A6S5Ce)SpSes

myz = 441 cj + 2hy¢p5pe + (Ag = A7) CEshs
My = Joch + (243 + Ay + A7) spcpce + Assics
May = (A4 = A7) + 2Ascpspce + 4hsCE.

Perform the same rotation as (B3) between ¢; and ¢,,
which in the basis above can be written as

-5 0 0 0 ¢ 0 -s
R=RRy=| P ; |
0 0 1 0 0O o0 1 0
0 0 0 1 0 Sg O Cf
(B4)
and we have
- 270
M2 =RM3R™ =2 < i > (B5)
2 ()33

where the zero eigenvalue corresponds to the neutral
Goldstone,

GO :CﬁI] +SﬁC§IZ—S/jS§R2, (B6)
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which will be eaten by the longitudinal part of Z boson.
The matrix elements for 77 in the basis (—szl; + cscel, —
CﬁSﬁRz, Rl’ Sflz + C§R2)T should be

= (A4 — 17)%2

miy = —(hacp + (Ag — A7)spce)sg;

iz = —(Assy + (g — A7) cpce)ses

My = 445+ 2hacpspes + (Mg — Ay)shels

Mys = aciee + (2(4a + A7) + (A4 — J)cg)spep + Assjee;

7’7’133 = (14 — 17)6"2702 + 2155‘/}6’[}05 + 4165%. (B7)
We can expand m in powers of #4s: as follows:
m= I’;l() + (l/;Sé:)l’;ll + (f/}Sﬁ)zﬁ’lz —+ .. (Bg)

In the basis (—szl; + cpcely — cpseRa, Ry, sely + ccRy)T
the matrix m can be written as

(/14 - 27)342: —ﬂQSé —(24 - ),7)S§C§
7710 = —/125'5 4/11 lzC§ . (B9)
—(/14—17).5'56'5 /12(:6 (l4 —),7)6'2
Diagonalizing it with a 3 x 3 matrix,
1 0 0 Cg 0 Sg
r=rr=10 ¢y sy 0 1 0], (B10)
0 —S9 Cp —S§ 0 C§
we have
0
ringr~! = (mo)a; ; (B11)
(m9)33
in which
- 44 + 44— A
(m0)22(33) = I T
42 — (A4 — 2
+ <¥Qe + ﬂzsza)Q (B12)
1 24
0 =—arctan| ————F—— |. B13
P <4ﬂ] ~(ha - m) (B1Y
The two heavy scalars have their masses
) v
myi) = E((m0)22(33) + O(1ps¢))- (B14)

The new basis is then
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cely = seRy I (m1)12 = (2(43 + A7)co + As550); (B17)
r Rl = CgRl + S9R2 N (BlS)
sely + Ry —sgR, + cyR» (m1)13 = (Ascg = 2(A3 + 47)50); (B18)
in which the useful matrix elements for /n are (Mmy),, = 44s. (B19)
(M) = 0; (B16) Thus, to the leading order of #4s,, for the lightest scalar i
we have

2 _ p¢ <( 1)12+( 1)13+(m2)11>

" 2 (7;10)22 (%0)33

v st c? 52 52 c? 1 1
p¢ 2 0 0 2 0 0 .
= 4(/134‘/1) <~—+ = >+/1< = + = >—2/15(/13+/1)529<~—— = )+4/16:|,
2 { ’ (Mmo)y — (1M0)33 > (mo)y — (Mo)s3 ’ (Mmg)x (o)
(B20)
(1) 12 (1) 13 I
h=1,+t R R Ry, — syR|) — —
2 T Ipse <(ﬁ’lo)zz (coRy + soR;) + (70)33 (coRy — sgR)) I
C2 52 15529 1 1 1 1
=1+ tgs [(2(/13+/1)<~9 + =2 )+ (~ - = ))R +<(/13+/1)329<~ — = >
pee ’ (mo)yy, — (mo)ss 2 (mo)yy  (119)33 l ’ (mo)ay  (119)33
+ ( %L % ))R 11} (B21)
: (o) (M) ? te]
APPENDIX C: SOME USEFUL FEYNMAN RULES IN THIS MODEL
From the Lagrangian we have some useful coupling vertices directly,
2m3, _ o oms
EhVV = TW;FWﬂ +TZﬂZM (CﬂRl +SﬂC§R2+SﬂS512); (Cl)

Luy+g- =—-vHYH™ Fz +4s

A A
spsely + </13c/23 + <—/12 + ?5> cyspce + (241 = A4CF = A7s7)cpsy + fszc(:)R]

A A
—+ ((2&6 - ﬂ7)C§ - ﬂsCﬂSﬂC& + /135%)12 + <—5 C?; - <A4 - 216)C§Sﬂc.§ + <32 - A.SC%) Cﬂs/i + 135%6.;:) R2:| 5 (CZ)

2
Lopp = —%DL,.(Y/M(R1 +i1,) + Yiy(Ry + i)y Dy + Hec (C3)
Lywyy = _\}EULI‘(Y/IM(RI —ily) + Y3,(Ry — il,));;Ug; + H.c; (C4)
Lep = —L [_]Li(VCKM)ij(—Ylldsﬂe_i(s + ledcﬂ)jkDRkH+ - LDLi(VI:KM)ij(Yllusﬂeié - YIZuCﬂ)jiURkH_ +H.c. (Cs)

V2 V2

The Y’ in Yukawa couplings means the couplings in the mass eigenstates. For neutral Higgs triple vertex, the Feynman rules
are all from
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0PV

~ Oh,0h;Ohy (C6)

—idijr =

APPENDIX D: FORMALISM FOR
NEUTRAL MESON

The mesons K° DY BY, and BY can mix with their
charged conjugate particles, through weak interaction in the
SM. We begin with the Schrédinger equation

M j M
ig<|_0>>:<m—il“><|_0>>, (D1)
ot \ [Mo) 2 |Mo)
where m and I are a 2 x 2 matrix. Writing the Hamiltonian
as
H ="Ho+ Har=1 + Har-a, (D2)

we have the matrix elements

i 1
<m —§F> , = myd;; —l-% (WilHar=lw;)

1 Wil Har=11f) (fIHar=1lv;)

+— [ dIl .
! my — E(f) + ie
(D3)
with the normalized condition (y;[y;) = 2m5;; where
w;; = |[M°) or M°. The second and third terms come from

short-distance and long-distance effects separately and
according to (D3)

1
I'y; = %/dnf<l//i|HAF=1f>
X (fIHar=1lw;)276(E(f) —my).  (D4)

The solutions for the eigenvalues are

i i
Mpy = my + Re(\/(“hz —§F12> (m’{z —EFT2>>9

(D5)
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i i
FH(L) =T F Im<\/<m12 —§F12> (m’{z —EFT2)>(D6)

The H(L) means the heavy (light) mass eigenstate

|MH(L)> = P|M0> + ‘I|M0>’ (D7)
where
2 —il,/2
Ip|*+|g/>=1; and (£> :w. (D8)
q mj, —il"},/2

The time-dependent solution

(o) = (5 Zvomo) (i )

—(p/@)g()
where

g2 (1) = 5 (emimm—H1 4 mimui—h), (D10)

N[ =

For I';; ~m, and m, is almost real like K system,
Am ~2Rem,; while for I, < m, like ng system,

Am ~2|my,|. All the measurements and SM predictions
are listed here. It is difficult to estimate the long-distance
effects that give the dominant contribution in D° system.

For decay processes to CP eigenstate f, for example,
B® — yutu~, the direct observable is the time-integrated
averaged branching ratio that has a relation

Be(M — ) =3 [ () > )+ T (0~ 1)
(D11)
which leads to

Br(w = f) = LHAADT

= WBI‘(M - f),

(D12)

where —1 <A <1 andin SM A = 1.
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