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Based on the weakly coupled spontaneous CP-violation two-Higgs-doublet model (called the Lee
model) and the mechanism to generate the correlation between the smallness of CP violation and the
lightness of the scalar mass, as we proposed earlier, we predict a light CP mixing scalar 7 in which the
pseudoscalar component is dominant. It is a natural scenario in which m, ~ O(10 GeV) < v. It means new
physics might be hidden below the electroweak scale v. Masses of all other scalars (h, H, H*) should be
around the electroweak scale v. Among them, the 125 GeV Higgs boson (%) couplings are standard-model-
like, and the charged Higgs boson (H*) mass should be around the heaviest neutral scalar (H) mass. We
discussed all experimental constraints and showed that this scenario is still allowed by data. The strictest
constraints come from the flavor violation experiments and the electric dipole moments of the electron and
neutron. We also discussed the future tests for this scenario. It is possible to discover the extra scalars or
exclude this scenario at future colliders, especially at the LHC and e*e™ colliders with O(ab~!) luminosity.
We also pointed out that the Z-mediated Higgs pair production via e*e™ — h;h; (h;, h; stand for two of the
n, h, H) would be the key observable to confirm or exclude CP violation in the Higgs sector. The sensitivity

to test this scenario is worth studying in greater detail.
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I. INTRODUCTION

The realization of electroweak symmetry breaking and
CP violation are two important topics both in the standard
model (SM) and beyond the standard model (BSM). It is
also attractive to relate them with each other. In our
previous work [1], we proposed the correlation between
the lightness of the Higgs boson and the smallness of CP
violation. In this paper, we will continue to explore an
alternative natural scenario and its phenomenology.

In 1964, the Higgs mechanism [2] was proposed. In the
Higgs mechanism, a scalar doublet with nontrivial vacuum
expectation value (VEV) was introduced to break the
electroweak gauge symmetry spontaneously. After sponta-
neous gauge symmetry breaking in the SM, there exists a
scalar named the Higgs boson." In July 2012, both ATLAS
[4] and CMS [5] collaborations at the LHC discovered a
new boson with its mass around 125 GeV [6]. The
subsequent measurements by CMS and ATLAS [7-9] on
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"There may exist more particles in the extension of SM. For
example, in the two-Higgs-doublet model (2HDM) [3] in which
two scalar doublets were introduced, there exist five scalars. Two
of them are charged and three of them are neutral.
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its signal strengths showed that the scalar behaves similarly
to the SM Higgs boson. However, there is still plenty of
room for the BSM. In some BSM models, there exist new
light particles which may appear in the final states during
Higgs decay processes. For example, in the next-to-
minimal super-symmetric standard model (NMSSM)
[10], the simplest little Higgs model (SLH) [11-13], or
the left-right-twin-Higgs model (LRTH) [14,15], a light
scalar n with its mass of O(10) GeV will naturally appear.
For some cases in 2HDM [16-20], a light scalar # is
allowed as well, though there are strict constraints on them.
If m, < m;,/2 = 62.5 GeV, there would be an exotic decay
channel h — nn, while if m, < m, —mz =34 GeV, an
exotic decay channel 4 — Zn should also be open. There is
no evidence for exotic Higgs decay channels at the LHC
until now, and the constraints on the exotic Higgs decay
branching ratio are set to be Bry,, < (20-30)% [21] if the
production rate of the Higgs boson is close to that in the
SM. The spin-parity property for the Higgs boson is
expected to be 0" in the SM. Experimentally, a pure
pseudoscalar state (07) is excluded at over 30 [22-24], but
a mixing state is still allowed; thus, the spacious room for
BSM scenarios has not been closed yet.

Theoretically, CP violation in SM is induced by the
Kobayashi and Maskawa (K-M) mechanism [25] proposed
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by Kobayashi and Maskawa in 1973. They proved that a
nontrivial phase which leads to CP violation in quark
mixing matrix (called the CKM matrix [25,26]) would
appear if there exist three or more generations of quarks.
The CKM matrix is usually parametrized as the
Wolfenstein formalism [27]

1-22/2 y) AV (p —in)
Vekm = - 1-2%/2 AA?
AB(1—p—in) —AP 1
+0(2%). (1)

The Jarlskog invariant J [28] defined as
det (ilMy M}, MpM}))

= 2] [(mi, = m} )] [(m3, = m3,) (2)

i<j i<j

measures the effects of CP violation where My p) is the
mass matrix for up- (down-) type quarks. J ~ 1A% =~ 3 x
10~ [29] means CP violation in the SM is small.
Experimentally, in the K- and B-meson systems, several
kinds of CP violation have been discovered [29] which
represent the success of the K-M mechanism. However, it is
still attractive to search for new sources of CP violation, not
only to search for BSM physics but also to understand the
matter-antimatter asymmetry in the Universe [29,30]. SM
itself cannot provide enough baryogenesis effects [29-32],
but in some extensions of SM, for example, 2HDM with
CP violation in the Higgs sector, it is possible to generate
large enough baryogenesis effect [31,33].

The Lee model [34] is a possible way to connect the
Higgs mechanism and CP violation with each other. It was
proposed by Lee in 1973 as the first 2HDM. In the Lee
model, the Lagrangian is required to be CP conserved, but
the VEV of one Higgs doublet can be complex; thus, the
CP symmetry is spontaneously broken due to the complex
vacuum. In this case, the neutral scalars are CP mixing
states so that CP violation effects should occur in the Higgs
sector. All the three neutral scalars should couple to
massive gauge bosons with the effective interaction,

2m? m>3
Lhyy = Zc,,vh,- <TW WHW: + TZZ/‘ZM) (3)

where ¢; v = g;.vv/gnvy sm is the ratio between the 2,VV
coupling strength and that in SM. ¢}, 4¢3, +¢3, =1
due to the mechanism of spontaneous gauge symmetry
breaking. The quantity

K=ciyevesy (4)

measures the CP-violation effects in the Higgs sector
[3,35] when the masses of the neutral scalars are
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nondege:nerate.2 In our recent paper [1], we proposed
the correlation between the lightness of the Higgs boson
and the smallness of CP violation through small #s; in
the Lee model.’ In that paper, we treated the 125 GeV
scalar as the lightest one; thus, it implied a strongly
interacted scenario beyond [36]. However, another natural
scenario with a weakly interacted scalar in which the
heavy scalars have the mass m; ~ O(v) is also possible
where v = 246 GeV is the VEV of the scalar doublet in
SM. In this scenario, the Lee model would predict a light
scalar n with mass m, < v for the small #;s; case based
on our paper [1]. In this paper, we will discuss this
scenario and its phenomenology.

This paper is organized as follows. In Sec. II, we
introduce the Lee model and its main properties. In
Sec. III, we discuss the constraints for this scenario by
recent experiments, including data from both high- and
low-energy phenomena. In Sec. IV, we consider the
predictions and future tests for this scenario. Section V
contains our conclusions and discussions.

II. THE LEE MODEL AND A LIGHT SCALAR

In the Lee model [34], the Lagrangian is required to be
CP conserved in both scalar and Yukawa sectors. For the
scalar sector,

L= (D) (D*p1)+ (Dupy) (D py) = V(1. p2)  (5)
in which the scalar potential

V(1. ¢2) = uiRii + u3R»n + MR}, + LRy Ry,
+ 23R 1Ry + A4RY, + AsR 3Ry
+A6R% + Ml (6)

Here the scalar doublets

2 2
¢ = (M)’ $r = (:;2eif+Rz+ilz) (7)
V2 V2

and R(I),;; denotes the real (imaginary) part of ¢j¢j.4

/v + 03 =0 =246 GeV. The general Yukawa cou-
plings can be written as

2If at least two of the scalars have the same mass, we can
always perform a field rotation between them to keep at least one
¢;y = 0; thus, there would be no CP violation in the Higgs
sector.

>The parameters will be defined in the next section or see [1].

*We can always perform a rotation between ¢, and ¢, to keep
the term proportional to R, vanish.
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Ly ==01i((Yia);j1 +
- Qu((ylu)ij(}l +

(Y2d)ij¢2)DRj
(Y2u)ij(z72)Uij (8)

where all coupling constants should be real and g}ﬁi =io,¢;.
We choose the type III [3,37] Yukawa couplings because
there is no additional discrete symmetry to forbid any term
in (8). It is possible to generate correct fermion mass
spectrum and CKM matrix from (8), for example,
see [38,39].

We should minimize the potential (6). For some param-
eter choices, there is a nonzero ¢ which means the
spontaneous CP violation. If vy, Uy, &# 0, we have
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|02 A4 — A7|v v, is required to keep & # 0.
Define s, = sina, ¢, =cosa, t, = tana in the following
parts of this paper, and 75 = v,/v; is the ratio of the VEVs
for scalar doublets. The vacuum stability conditions can be
found in [3] or Appendix. A in [1]. The Goldstone fields
can be written as

G* = cppf + e 5503 (12)
GO = Cﬁll + sﬁC§IZ - sﬁszZ' (13)

The charged Higgs field is orthogonal to the corresponding
charged Goldstone field as

H* =~ + cpp (14)

Az + 4 A
pr == — 32 71}%—521/11120055; (9)
with the mass square
Az + 4 A
2 _MTM o 2_ 7% ) J)
ﬂz—_Tvl _/16712_57)1”200553 (10) mi :_571)2, (15)
0— A v+ As 5 03+ (Ag = 27)0, 05 cOS E. (11) The symmetric mass matrix 7. for neutral scalars is written
2 2 as [1]
|
(24 = 27)s% —((A4 = A7)spce + Aacp)se —((As = A7)cpce + Assp)se

4110 + /12S2ﬁC§ + (

in the basis (—szl; + cpcely — cpseRa, Ry, sely + cRy)T
in unit of v?/2. To solve the eigenvalue equation with
perturbation method,® we should expand m in powers of
(tgsg) in small t4 limit as

m = mg + ([/3S§)I’7’11 + (lﬁSé)zﬁ’lz + ... (17)

For the two heavy scalars, we have [1]

1)2

My = 7(( )3 + O1pse)), (18)

where

>We can always perform a global phase redefinition for ¢»; and
4)2 to keep one of the VEVs real, just like the case in (7).

®For the calculations in details, please see the Appendlx B in
our recent paper [1], with the same conventions as those in this

paper.

—17)s2 c§

(23 + 27) + (24 = 27)c2/2) s
-Hzc[z,c’g + ﬂssﬁccf (16)
(A4 = 47)cjc;
+As80p¢e + 4/16s[2}

- 40 + Ay — Ay
(m0)22(33) = T
4 — Ay — A
F <¥029 +/12S29>‘ (19)
Here 0 = (1/2)arctan(24,/(41; — A4 + 4;)) labels the

mixing angle of the real parts of the two scalar doublets.
The scalar fields

<Z,> = (_Cfg zz> <2> +O0(tys:).  (20)

We treat the lighter one as m;, = /(1g),,/2v = 125 GeV.
Different from the scenario in [1], in this paper, the
dominant component for the 125 GeV scalar should be
CP even so that there exists a SM limit for its couplings,
while for the lightest scalar , to the leading order of (#4s),
we have
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v 252 7, )2 7, )2
m2 = _ P& <(ﬁ12)11 _ (7)1, <m1>13>

g 2 (mo)ay  (9)33
- 0+ 25002+ (G =) =00+ (G4 ) B+ ) |
@)
n=1I— t”s‘fGZ;;Z (coRy + spR>) + EZ(‘];; (coRy — sgRy) + _5) 21
=t (205 00 (G o) 5 (G~ ) )
(00 (G ) e (s ) e 2 >

Thus, in the limit 73s; — 0, we have m, o t3s; — 0 and n — I, which means that 7 behaves like a light pseudoscalar but it
has a small CP-even component.
We can diagonalize the fermion mass matrixes as

m, 0 O mg 0 O
VU,LMUV;],R = 0 m. 0|, VD.LMDVI),R = 0 my O (23)
0 0 m 0 0 m

in which, according to (8), the mass matrixes are

(My),; = %((YWW + (Vo) yspe ), (Mp),, = % (Y1a)ijep + (Yaa)yspe9). (24)

The CKM matrix Vegy = Vi VTD’ . as usual. We can rewrite the Yukawa couplings (8) in the quark sector adopting the
Cheng-Sher ansatz [40]

- cyR1 + s4c:Ry + spsely
k@ = — Z mffoR<1+ . pCe B¢

v

- ZTULLUJ'-R<(C/{R2 — Sﬂchl + S/jSéIl) — I(Cﬁlz — SﬂC:Il - SﬁS§R1>)

ij _ .
- ZTDLLDLR((C/}Rz - S/}CérRl + S/}Sérll) + I(C/,Jz - S/}Cg[l - Sﬂngl))

U
2my m;

Uir(Vekm - €2)DjH* =
ij ij

. Diy(Vigw - €),;UjrH™ +He. (25

- c[)’Rl +SﬁC§R2+SﬂS512
Yuks = —mefoR (1 + .

ij j .
- 7fi,ij,R((CﬂR2 - SﬂC;le + sﬂs511) + I(CﬂIQ - Sﬂcgll - sﬂngl))
v

iy _
- 271/1‘,L(VPMNS &) RHY +He. (26)
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Here Vpyns is the lepton mixing matrix [41] and

53 = (Vo) u(=sp* (Y1) + Cﬂ(YZM)kl)(V-lr],R)lj; (27)
D(¢ .
£ = (Vo n)a(=ss(Yiaie)
+ ¢p(Yaae)a) Vi )i (28)

The off-diagonal elements of 55.0  induce the flavor-

changing processes at tree level. It was proved in [1] that in
the 73s; — O limit, all the four quantities m,, ¢, v, K, J o
15 which means the correlation between the lightest scalar
and smallness of CP violation.

In the scenario we discuss in this paper, there can be
exotic Higgs decay channels & — #n, Zn induced by

Chnd 1
Eexo = 2h'1 (haﬂn - nayh)zﬂ - 79hﬂ’lvh772- (29)
Cw 2

It leads to the branching ratios

2.2 3 2 2
9 S mz My
Br(h->Zn)=—F—"-"F|—=%.— |; 30
(h = Zn) 6471'm%vl"h,t0t <m,21 m%l (30)
2 .2 2
GV 4my;
Br(h =—" -— 31
r(h — nn) 2m, Ty e (31)

where F(x,y) = (1 4+ x? +y* = 2x =2y = 2xy)*/2, g is
the weak coupling constant and cy = my/my. For the
detail couplings, please see Sec. A in the Appendixes, in
which all ¢;, ; are defined as the ratio between the Higgs- ff
couplings and those in the SM.

III. CONSTRAINTS FOR THIS SCENARIO
BY RECENT DATA

Besides the 125 GeV Higgs boson (h4), there are two
extra neutral scalars and one of which is expected to be
light in this scenario. For the lightest scalar # with its mass
m, ~ O(0.1 — 1) GeV, the BESIII [42], BABAR [43,44],
and CMS [45] experiments gave strict constraints; thus, we
will focus on the cases m, ~ O(10) GeV. Type Il 2HDM
including a light scalar with mass (25-80) GeV is excluded
[46] through the search for nbb associated production,
while, in general, it is still allowed by collider data, as we
will show below. The two extra scalars would face the
constraints from the direct searches at the LEP and LHC. In
the Lee model scenario, with a light particle 5, the exotic
decay channels & — 55, Zn will modify the total width and
signal strengths for the 125 GeV Higgs boson so that we
should also consider the constraints from the Higgs signal
strengths.

In the Lee model, there is no additional discrete
symmetry to forbid flavor-changing processes at the tree
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level, and there are also new origins for CP violation. Thus,
it must face the constraints in flavor physics, including rare
decays, meson mixing, etc. The electric dipole moments
(EDM) for electron [47] and neutron [48] would also give
strict constraints in many models with additional CP-
violation sources [49] including the Lee model, so we
must consider the EDM constraints here as well.

A. Direct searches for extra scalars

The LEP experiments [S0-52] set strict constraints on
this scenario through the ete™ — Zn and ete™ — hy
associated production processes. For n with its mass
(15-40) GeV, [50,51] gave 6z,/0sm < (1.54) x 1072 at
95% C.L. which meant

cyv S(0.12-0.2); (32)

thus, fgse < 0.1 in this scenario. At the same mass region
for #, assuming both 5 and & decay to bb final states
dominantly, [51,52] gave C%n < (0.2 -0.3). According to
(A15), cyy = cyy; thus, cyy should also be small. The
results implied that ¢,y ~ 1; thus, the couplings of / should
be SM-like.

The direct searches for a heavy Higgs boson at the LHC
[53,54] excluded a SM Higgs boson in the mass region
(145-1000) GeV at 95% C.L. A SM Higgs boson with its
mass around v would decay to WW and ZZ final states
dominantly with Br(Hgy — VV) ~ 1 [55], while in the
2HDM it can be modified because of a suppressed HVV
coupling and the existence of other decay channels like
H — Zn, nq, hy, and Zh (if myg > mz + my = 216 GeV),
hh (if my > 2m,, = 250 GeV), HTH™ (if my > 2m_). For
a heavy scalar H, analytically the partial widths should be

Cy(VV)~ C%J,VFH,SM; (33)
2 .2 2
ItV 4my
r = 1 ——5 34
() 320 ey (34)
2 3 2 2
CryMy m;,  myz
FH(ZW) = 87202 f(’”_%l’m_%[) (35)

The suppression in I'y(VV) comes from small ¢y, while
I'y(Zn)  cj, is not suppressed because h is SM-like and
cpy ~ 1. According to CMS results [53] which gave the
most strict constraint, for my ~ (200-300) GeV, the
95% C.L. upper limit for the signal strength is’

yy = on Bl - VV) (0.1 -0.2).
O-H,SM BrSM(H - VV)

(36)

"For a heavy Higgs boson, Brgy(H — VV)~ 1 according
to [55].
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FIG. 1. Br(H — VV) — my plots for different parameter choices fixing ¢,y = 0.1. The green, yellow, blue, and red lines stand for

cpy =02, 0.3, 0.4, 0.5, respectively, in each figure. The upper figures are for m

» = 20 GeV, while the lower figures are for

m, =40 GeV. In each line, from left to right, we take gy, = 0, 0.5, 1.

Numerically, we show the Br(H — VV) —my plots for
different parameter choices fixing ¢,y = 0.1 in Fig. 1.
From the figures, we can see that if the production cross
section oy ~ o sm» Cyy < 0.3 would be allowed; while if
oy ~0.56y sm, cyyv < 0.4 would also be allowed. It is not
sensitive to m,. We did not consider the H — hh channel
for my > 2m;, =250 GeV in the discussions above.
Numerically, for gy, ~1, we have Br(H — hh) < 0.1
which leads to o(pp — H — hh) < 0.4 pb [55]. For this
case, the direct search for H — hh channel by CMS [56]
cannot give further constraint. We don’t consider the case
my > v here because of the weakly coupled hypothesis.

No significant evidence for a charged Higgs boson had
been found at colliders. Recently the ATLAS searches
through gb — tH™(— 7b) process gave constraint on the
thH™ vertex as [57]

[Eul S (1.5-3) (37)

for a charged Higgs boson with mass m in the region
(200-600) GeV. In these searches, some hints for a charged
Higgs signal with about 2.4 significance were also found

B. Global-fits for Higgs signal strengths

The Higgs signal strength for a channel which exists in
the SM is defined as

i = o-Br o TW(f) Thwousm

(0 Br)sy  oisw Dasw(f)

The SM Higgs boson with its mass m; = 125 GeV has a
total width I'y, o s\ = 4.1 MeV [55]. In this scenario, I', 1o
is also modified by the exotic decay channels h — Zn, nn.
Here for the VBF or V& associated production channel,
c/osy = C%z,v’ while for gluon fusion production,

38
Fh,tot ( )

Bip(x,) 2
Re(c),,) +1———=Im(c
( h,t) A]/Q(Xt) ( h,t)

For the decay channels 7 - WW* and ZZ*, we have
(VV)/Thsm(VV) =2, for h— bb, c¢ and 7777,
Ty(f)/Thsm(f) = |ens|?, and for the loop-induced decay
processes,

o

OsMm

(39)

Loe . - . r B 2
in this mass region. As can be seen below, it is consistent M = |Re(cy,) + iﬂlm(ch,,) , (40)
with this scenario. Fh,SM(gg) A, /2(xt)
|
L2 . 2
T (ry) cny A (xw) +5Re(e ) A (x) + (ggmi )Ag(xs) +5im(cp,) By (x,) 41
Cusm(ry) A (xw) + %A1/2(xt)

Here x; = m7 /4m? where i denotes the particles ¢z, W, or H* in loops. The index j in A(B) ; denotes the spin of the particle
in loops; see the Feynman diagrams in Fig. 2. The analytical loop integration functions given by [58,59] are listed in Sec. B

as (B1)—(B5). According to [55],

Chiot = Dnonsm(0-58]cp|* + O.24c%’v + 0.06|c), .| 4+ 0.03|c),..[*4+0.09|cp [*(1 + 1.31sin%q,)) + [ exo (42)

where I' (o sm = 4.1 MeV for m, = 125 GeV. a, = arg(c;,,) and I’ o, is the exotic decay width. Define
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5

! ! Nﬂ\’

h h h s
/ \

— > — — o —
\ /
N

-—
W K t 7 H* K

FIG. 2. Feynman diagrams for & — yy decay in this model.

Hi fobs — Hi fpre B

if Oif

ignoring the correlations between different channels.
Hi.f.0bs(pre) Means the observed (predicted) signal strength
for production channel i and decay final state f and o; ¢
means the standard deviation of the signal strength meas-
urement for the corresponding channel. Numerically, the
fitting results are not sensitive to the charged Higgs
contribution in & — yy channel.

According to (A21), in this scenario, ¢, ; ~ 1 holds for
all fermions since 4 contains large component of R;. Thus,
for all ¢, ;, the modifications from 1 are suppressed by 7.
We also have ¢,y ~ 1 in the text above. Thus, for any
channel, according to (38),

. r r r
Hi fpre = Oi h(f ) L htotSM 1 ntotSM ’ ( 4 4)
oism Tnsm(f)

which means the signal strengths are mainly modified by
the exotic decay width I,. Numerically, T, <
(1-2) MeV is still allowed for other couplings close to
those in SM. For m, < m,/2, the h — nn channel is
available. And according to (31), we have

I_‘h.tot 1—‘h,tot

I < O(1072), (45)

which means a strong correlation among 4; in the Higgs
potential. To the leading order,

1
Gy = (U3 +A7)co + 5 /15S9 + O(tgs¢). (46)

which gives A3 4+ 4; = —4sty/2 + O(t4s:), while for
m, < mj, —myz, the h— Zny channel is open, and
Eq. (30) gives

CHY = Chy S 01072 = 1071). (47)

For m, ~ (15-30) GeV, ¢, = 0.05 is still allowed.
According to the direct searches for the heavy neutral
Higgs boson H, we can see that cyy = 0.3 is in the
allowed region for almost all cases. According to the
bounds from the Higgs signal strengths, we can see for
m, < mj, —mz = 34 GeV, there would be further con-
straint on ¢y y from the h — Zp rare decay channel. In this
case, cyy = 0.05 would be allowed. Thus, we have two
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TABLE I. Benchmark points in the scalar sector for the
following parts of this paper. The first line is a typical choice
for the allowed case of i — Zn decay, while the second line is a
typical choice for the forbidden case of 7 — Zn decay.

Case m, My Chy Cpv  CHY Chy Iyse
I 20 GeV  ~w ~1 0.1 0.05 0994 ~0.1
11 40 GeV  ~v ~1 0.1 0.3 0.95 ~0.1

groups of typical benchmark points as listed in Table I. We
choose m, = 20 and 40 GeV as the two typical cases.

C. Constraints from oblique parameters

The GFitter group gave updated electroweak fitting
results [60] for oblique parameters [61] as

S=005+0.11, T=0.09+0.13, U=0.01+0.11,
RST = +090, RSU = —059, RTU = —083, (48)

where R means the correlation between two variables. Here
U is also treated as a free variable and the reference points
are taken as my o = 125 GeV, m, o = 173 GeV. In
2HDM, U is expected to be ignorable thus we can fix
U =0 and get [60]

S =0.06£0.09, T =0.10 £0.07, R = +0.91.

(49)

In 2HDM, the contribution to 65 and 67 [3,62,63] are

1
08 = n [(1 253)°G(24,24) +¢1G(22.23) + 3G (23.21)

3 2
2G(z,, 2H(z) +1In( 24
+¢3G(z 22)+; (Cz (z;) + n(m2

H*

m2 mz
(%) ()| )
VA H*

1 3

- C%F(mzwml) - C%F(mvm%)

+3Zc mZ,

—F(m%wmﬁ,mf»} (51)

)= F(miy m)) =3(F(m.mj ;)

The arguments above are defined as z; = (m;/m)? and
7+ = (my/my)?*. The analytical loop integration functions
given by [3,62,63] are listed in Sec. B as (B6)—-(B9).
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0.3

Y

Oblique parameter constraints for the scenario we discussed in this paper. The green region is 68% C.L. allowed and the yellow

region is 95% C.L. allowed. The left figure is for case I, while the right figure is for case II in Table I. We plot the curves with a parameter
m. In each curve, we begin with m, = 80 GeV. In both figures, the curves from left to right are for my = (200, 250, 300) GeV,
respectively. For the allowed regions in the curves, we made them thick and black, please see the allowed regions in Table II in details.

We perform the fitting process based on the mathematica
code [64]® with the benchmark points in Table I. We plot
the curves using the charged Higgs mass m. as a parameter
in Fig. 3. Direct searches by LEP gave constraints on the
charged Higgs boson mass as my > 78.6 GeV [65] at
95% C.L. so that we begin from m, = 80 GeV. The thick
regions in the curves stands for allowed regions by oblique
parameter constrains for both benchmark points. For both
cases in Table I, we list the allowed m . in Table II. For all
the cases, allowed m are around the heavy neutral Higgs
mass my, as the scenario discussed by [16,66]. For my
around the electroweak scale v, a charged Higgs boson
should also have its mass around that scale. A light charged
Higgs boson (with its mass m, < m,) is disfavored here;
thus, we don’t consider the constraints from the rare decay
process t — H'b.

D. Constraints from meson mixing data

The neutral mesons K°, D°, B®, and B should mix with
their antiparticles through W* mediated box diagrams in
the SM. Thus, a nontrivial contribution to (M°|H|M°)
leads to the mass splitting effect between different CP
eigenstates for the meson.” Here we list the experimental
data [29,67] and SM predictions [68—71]lO for meson
mixing in Table III, where the decay constants and bag
parameters are from lattice data [72].

In general, we can parametrize the off-diagonal element
in the mass matrix as [73,74]

8The second x> (for 95% C.L.) should be 6.0 according to [29].
In fact, in the real world, CP is not a good symmetry; thus, a
mass eigenstate is modified a little from a CP eigenstate. See the
details for this formalism in Sec. C.
No SM prediction results for Amp appear because the
dominant contribution comes from long-distance interactions;
thus, it is difficult to calculate.

1 _ )
mpy = e (M°TH|MP) = m?lzv,[M(l + Aye?on),  (52)
M

where the factor (2m,,)~! comes from the normalization
condition. In the SM, we must have A,; = §,; = 0. In the
B°(BY) system, Ampp ) = 2|m, g5 )|, while in the K°
system, Amyg = 2Re(my,x). A nonzero §,, would also
modify the CP-violation effects from those in SM. In
the Lee model, the additional contributions to my; ,, are
shown in Fig. 4. The neutral scalars ¢ =7, h, H in the
diagrams.

First, consider the left diagram in Fig. 4 which induce the
mixing directly at tree level. It can contribute to the mixing
of all the four kinds of mesons. The dominant contribution
must come from 7 because it is light and its flavor-changing
couplings are not suppressed by IS¢ OF Sp. The tree level i
induced contribution for M°(f,f;) — M°(f;f;) mixing is
[75,76]

TABLE II. Allowed regions for m_ for each case above.

my (GeV) 200 250 300

Allowed m for case I (GeV) 190-231 242-277 293-323
Allowed m. for case II (GeV) 185-228 232-269 279-311

TABLE III. Experimental data and SM predictions for mass
splitting effects in meson mixing.

Meson Ay, (GeV) Amgy (GeV)
K°(ds) (3.483 £ 0.006) x 10713 (3.30 £ 0.34) x 10713
D%(cit) (5.94+2.6) x 107 e

BY(db) (3.36 £0.02) x 10713 (3.57 £ 0.60) x 10713
B(sb) (1.1686 +0.0014) x 10~'"  (1.14 £0.17) x 10~
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FIG. 4. Additional Feynman diagrams contributed to m, ,, in the Lee model.

ntree f}zleMmMmimj 6m%4 .
2.M = 2,2 1+ 2 | Cn.ijCn.ji
12myv (m; +m;)
Sm%/l 2 *2
_ 72(m,» e (cpijt i) |- (53)

Here f,, and B), are the decay constant and bag parameter
for meson M° separately. According to (A23), Cpij =
+&,;(1 4+ O(tgsg)). With the experimental constraints in
[74,77], for different 55 ), Ap(p,) < (0.1-0.4) at 95% C.L.
Assuming |&;;| ~ |&;;|, numerically for m, ~ (20-40) GeV,
we have

|Epaan)| < (0.7-3) x 1072,

(54)
|Eps(sp) | < (0.9-2.5) x 1072,
Similarly, |&4(45)| < (0.8-1.7) x 107 for K° — K° mixing
from [74], while for D°—D° mixing, we have
€ cutue)| S (1.7-3.4) x 1072, For all four types of mixing,
the constraints on &; are of O(1072).

Next, consider the middle diagram in Fig. 4 which can
induce a D — D° mixing through top quark and a scalar
mediated in the box. Assuming |&, ()| ~ [£y(c)l, its con-
tribution to Amy, is [78]

mumc |§[M§[C|2
2472

where  r = (as(mt)/as(mb))‘s/B(as(mb)/as(mc))f‘/zs =
0.8 describes the QCD effects and loop function F(x)
[78] is listed as (B10) in Sec. B in the Appendixes.
Assuming its contribution is less than the complete
Amp, numerically we have

Amn,box ~

nty
D ~ )

2
f%)mDBDr]:O (m ) (55)

n

€Sl S 6 (56)

for a n with its mass (20-40) GeV.

Last, consider the right diagram in Fig. 4 which induce
BY(B?) — B(BY) mixing through the box diagram in which
one or two W= should be replaced by H* comparing with
the case in SM. This kind of diagrams are highly sup-
pressed in K° — K° mixing. In neutral B sector, the
contributions from W* — H* box and H* box can be
estimated as [79]

Ap )ei(sB(sx)

_a Fi(mi [miy,mi [mZ mZ [ miy) + & F(m7 /m?)
- 51
j:z(m%/m%v)

(57)

The loop functions F; [79] are listed as (B10)-(B12) in
Sec. B in the Appendixes, and F, is the same as that in the
box diagram for D° — D° mixing in (55). It is sensitive only
to &,; because the other terms are suppressed by the mass of
down-type quarks. The S-T parameter fits favor a charged
Higgs boson with mass m ~ my ~ v (see also Table II), so
numerically we have

|§tt| S (0-6_0-9) (58)

using the B°(BY) — B°(BY) mixing constraints [74,77].
This bound is stricter than that from the direct searches
for a charged Higgs boson in (37).

E. LHC constraints on top quark flavor violation

The ¢tqg (where ¢ = c, u and ¢ =5, h) direct inter-
actions in (A23) and (A24) would induce t — ¢g rare
decay processes. The partial widths can be given by

2 2 2 2\ 2
q + m)
It = ¢q) :mtmq(|c/),tq| |C(/),£]t| ) (1 _ g) . (59)

3220? m;

For ¢ = 5, we have ¢, ;; = i;; + O(tgs;) ~ i&;;, while for
¢ = h, if my, < 34 GeV, Chij ™~ —ltﬂS§§” ~ —0115” with
tgse ~0.1; else ¢ ;; ~ (=0.1i + O(0.1))&;;. For the latter
case,

|Ch,ij| ~ (0'1_0'3)|§ij|- (60)

All the numerical estimations above are based on (A23)
and (A24) etc. in Sec. A. The combined experimental result
by ATLAS [80] gave

Br(t — hc) < 0.46% and Br(r — hu) < 0.45%,

(61)

respectively, at 95% C.L. Assuming |&;;| ~ |&;;| as usual, we
have
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£l S (1-3) x 102 and  |&,| S (5-14),

using the SM predicted top quark total width I',, =
1.3 GeV [29,81].

It is difficult to search for t+ — ng rare decay since 7
decays to jets dominantly, but we can obtain the constraints
through the exotic decay branching ratio of top quark. The
1t production cross section measurements at the LHC with
/s =8 TeV gave o; = (237 +13) pb [82] assuming
m; = 173 GeV and Br(r — Wb) = 1, which is consistent
with the SM prediction o gy = (24677,) pb [83]. Thus,
we have for the top exotic decay channels that I'(r —
exotic)/T'(t > Wb) < 8% at 95% C.L. In this scenario,
Br(t = nq)/Br(t = hq) ~ O(10-10%); thus, ¢t — hg can
be ignored in this paragraph. With these data, we have

2 x 1074&, 12 +0.1]&,. > S 1 (63)

for m, ~ (20-40) GeV.

The last constraint comes from same-sign top produc-
tion. The 95% C.L. upper limit given by CMS [84] is
o, < 0.37 pb. Theoretically, # mediated uu — tt process
would be the dominant production channel in this scenario.
The cross section can be expressed as

(62)

o(u — 11) = / dndaf () ful)o(so). (64

where f,(x) is the parton distribution function (PDF) for up
quark and

mam?B(|En* + |Eul*)
64msyv?

o(sy) =

<[t (i —27s)
—1 1+ p7 +4m2/so — 2P.cq
8 ( 1+ By >2
1+ 7+ 4mij/s0 + 2B,cq
1+ pi(c5-2)
(1 + 7+ 4m2/s0)* — 4ﬂ?cg] '

(65)
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Allowed region for top flavor-changing couplings. Notice in the right figure we used double-log coordinates to show a very

Here sy = x x5 ¢ 18 the square of energy in the moment

center frame of two partons, B, = /1 —4m?/s, is the

velocity of the top quark, and € is the azimuth angle of the
top quark in respect to the beam line. Numerically, for
m,, ~ (20-40) GeV, assuming |&,,| ~ [£,,| and using the
MSTW2008 PDF [85], we have
[0l S 102, (66)
Combining the equations (56), (62), (63), and (66), we
plot the estimations of allowed region in the |&,,| — ||
plane in Fig. 5. The strictest upper limit |£,.| < 3 and |€,,| S
70 comes from (63), and the obvious behavior of the
correlation between |&,.| and |&,,| comes from (56). The
boundary contains relative errors of O(10%) and it is not
sensitive to m, for m, ~ (20—40) GeV.

F. Constraints on lepton flavor violation

In type III 2HDM [37] there exist direct £;¢ ;¢ vertices to
be constrained. For the discovered 125 GeV Higgs boson, a
straightforward calculation gives [86]

mhmimj b )
8T, 02 (lenijl® + lenil?).

Br(h — £££7) = (67)

For h — ur process, direct searches by CMS [86] and
ATLAS [87] collaborations gave Br(h — uz) < 1.51% and
Br(h — ut) < 1.85%, respectively, both at 95% CL"In
this scenario, |c;, ;| is suppressed to be (0.1-0.3)|&;;| for
m,, ~ (20-40) GeV, assuming |c;, ;;| ~ |cp j;|, we have the
bound

el < (5-16). (68)

""Especially for the h — pt signal, the CMS result gave a 2.40
hint corresponding to the best-fit branching ratio Br(h — uz) =
(0.847039)% [86].
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FIG. 6. Feynman diagrams contributed to radiative LFV decays ¢; — £y.

Another kind of strict constraint on the ¢;Z';¢) vertices
comes from radiative LFV decays as 7 — py and u — ey.
For © — u(e)y, Belle and BABAR collaborations gave the
90% C.L. upper limit as [88,89]

Br(z — py) < 4.5 x 1078,

Br(z — ey) < 1.2 x 1077 (Belle); (69)
Br(r — uy) < 4.4 x 1078,
Br(z — ey) <3.3x 107® (BABAR), (70)

while for y — ey, the MEG Collaboration gave [90]
Br(u — ey) < 5.7 x 10713 (71)

at 90% C.L. In the SM, the branching ratios of £; — £y
processes are estimated to be of O(10730-1073%) [29,91,92]
which are far below the experimental sensitivity. But in
2HDM with LFV, it can be larger or even comparable to
|

A7 (Ag) = A;

Z\/ m;cyij(Cyji) i n (™
167202 ms, “oi M\

4+ 4Y

2
(-2
m; 2m?, my,

recent data. In this model, #; — £;y process can be
generated by Feynman diagrams in Fig. 6, and the
branching ratios can be expressed as [93]

Br(¢; = ¢jy)  487a
Br(fl- - fjl/ﬂ?]> GF

(AL +14rP).  (72)

where A g) are defined through [94,95]

M(¢; - ij)
= em;it;(p;)ic* q, (AL Py + AgPr)u;(p;)e;i(q)  (73)

in which Py z) = (1 F y°)/2 and ¢ is the momentum of the
photon. According to Fig. 6, there are one-loop and two-
loop contributions to these processes where the two-loop
diagrams are called Barr-Zee-type diagrams [96]."* For
7 — u(e)y, the analytical expression for left-handed (right-
handed) amplitude should be [92-95,97,98]"

*
L one-loop (AR One—loop) + AL ,two-loop (AR,IWO-IOOP)

2 4 5. .
2] 73 |C¢,i| COS(%,:‘) - §1|C¢,i| Sm(%.i)

i

23 my\ (m}\ 3
=7 b 4 “hl =
oo (ot) < (28)

8alcy, m? . m;
_ Tam, cos(ay,)f m_(;/) +isin(ay,)g m_{;/) , (74)

where i =1, j=e, u, ay,=arg(cy,) and the loop
integration functions f, g, h [93,97] are listed in (B13)—
(B15) in Sec. B. Numerically, the loop contributions with a
charged Higgs or Z boson inside are both small; thus, we
ignore them. However, for the u — ey decay, which means

"This kind of two-loop diagram was first used by Barr and Zee
to calculate the electric dipole moments for fermions in [96]
which will also be discussed later.

PNotice that the analytical formulas for the #; — ¢ jv decay
process in these papers are not consistent with each other. We
checked the calculation during completion of our recent paper
[92] and confirmed that the result by Omura et al. [94,95] is
correct.

[
i=p and j=e, the one-loop contribution should be

changed to
m C¢ ‘rech T mé 3
Z lm(—2)-2) (75
1672 m(/v mz 2

because the loop with 7 inside is expected to give a larger
contribution compared with the y case when adopting the
Cheng-Sher ansatz [40]. For Ag, we should take ¢, ..cy -,
instead of ¢y ;,Cy 4 N A7

Numerically, we take the benchmark points as those in
Table 1. For m, = 20 GeV,

*(u—ey)
L one- loop
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Br(z — puy) = 1.7 x 1071°(|&,, |* + |€,.[)]
— 5.7, — 548, + 1.2i% (76)

Br(z — ey) = 8.4 x 1073 (& [* + [&.. )|
_ 575, — 546, + 12 (77)

We used Br(z — ev,7,) = 17.8% and Br(z — uv,7,) =
17.4% [29] in the calculations above. For a typical
case, [Eu(e)el ~1Emue)ls §n~0.6, and &~ 1, we have
Br(z — puy) ~3 x 1078|¢,,|*; thus, the upper limit for
€| should be around 1. For Br(z — ey) ~ 107'°|¢,.|%,
|&ec| ~ O(10) is still allowed. For m, = 40 GeV,

Br(z — puy) = 1.7 x 107"°(|&,, |* + |€..[)]
—2&,—2.58,—-03+i|% (78)

Br(t — ey) = 8.4 x 10713(|&,, |2 + |£,.]2)]
—28,-258,-03+i%  (79)

Choosing the same parameters as above, Br(z — uy) ~ 5 x
107%|&,,|* which gives the upper limit of |£,| to be
around 3, while for Br(z — ey) ~2 x 107'1|&,.|?, |&,.] ~
0O(10-10%) are allowed. In the discussions above, we
assumed real & ;). If &) were complex, some accidental
cancellation would make larger |&,.| possible.

For 7 — py decay, it poses a stricter constraint than that
from h — pur decay in (68) with m, ~ (20-40) GeV.
Different from the cases discussed in [92] in which the
125 GeV scalar is the lightest one, in this scenario, the one-
loop contribution from (20-40) GeV light scalar would be
dominant or at least comparable with the two-loop con-
tributions. At the same time, hut vertex is suppressed by sy
and #;s¢ to be of O(0.1). So that in this scenario, 7 — uy
decay gives dominant constraint on the LFV vertex instead
of h — ut decay. For 7 — ey decay, |&,,| is constrained to
be less than O(10-10%) which is still away from the
expected magnitude by Cheng-Sher ansatz.

Numerically, for the 4 — ey decay, choosing typically
&ij ~&ji» we have

Br(u — ey) =57 x 107 = &,,&,, + £,,(=0.9&, + 0.21)[%,
(m, =20 GeV); (80)

Br(u — ey) = 5.7 x 1071 = 3.6£,.£,,
+ & (=778, + 1.61) %, (m, = 40 GeV).
(81)

Choosing |&,| ~ 0.6 as usual, the three LFV couplings
Eeperyr are strongly correlated between each other. The

typical upper limit for |£,,| and |&,,£,,| are both of O(1072)

PHYSICAL REVIEW D 94, 055008 (2016)

for m, ~ (20-40) GeV. For example, fixing &,, =0 (or
g’l‘[ - O)?

€0l < (1.4-3.3) x 1072, (82)
while fixing &,, =0,

|E0elye] S (1.0-2.8) x 1072, (83)

G. Constraints from electric dipole moments

The effective interaction for EDM of a fermion f can be
written as [49]

i _
Lgpm = —Edfo””YSfFﬂy, (84)

which violates both P and CP symmetries. In the SM, the
only origin of CP violation is the complex CKM matrix
[25,26]; thus, the EDM for electrons and neutrons are
generated at the four- and three-loop level, respectively, and
they are estimated to be [49]

d,~1038¢.cm, and d,~10732¢-cm. (85)

They are still far below the experimental upper limits [47,48],
|d,| <8.7x10%®¢-cm, and |d,| <2.9x 107%%¢-cm,
(86)

both at 90% C.L. In the BSM with additional origins of CP
violation, the EDM for a fermion might be generated at the
one- or two-loop level'; thus, they can be quite a bit larger
than those in the SM or even reach the sensitivity of
recent data.

The EDM for a fermion f can be generated from the
Feynman diagrams in Fig. 7 if there exists CP violation in
¢ff vertices. The two-loop diagrams are called Barr-Zee
diagrams [96]. If there is no CP violation in flavor-
changing vertices, the one-loop contributions are propor-
tional to (m/v);? thus, they are usually negligible for light
fermions. The dominant contributions come from the Barr-
Zee diagram as [96,100-102]

ﬁ _ Z 2\/§aemGFQfmf|c¢.f|

y (4r)3

X <sin a¢,f(c¢,vk71 (my, m¢) + 9¢,i~70(mi7 mzfz))
8 .
~3 ey | (sinay  cosay 1Ty (my. my)

-+ cos a(/,,, sin a(/,,fj’l/z(m,, m{/)))> . (87)

14Nonperturbaltion effects arising from the 6 term may also
give significant contributions to the neutron EDM [99], but we
don’t include that in this paper.
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90% C.L, here and until Fig. 11.

Here Q is the electric charge for the fermion f,
ayr=arg(cys), and the ¢H'H™ vertex g, =
(1/v)(0*°V/0pOHTOH™) is defined in (A10). The first
term comes from the W*-loop contribution (the second
figure in Fig. 7), the second term comes from the H*-loop
contribution (the last figure in Fig. 7)15, and the last two
terms come from the top-loop contribution (the third figure
in Fig. 7). The loop functions J; [101] are all listed in
Sec. B in (B16)-(B19).

For an electron, (87) can fully describe its EDM if
we ignore the one-loop contributions. Numerically, we
take the benchmark points as those in Table I and fix
|;] = 0.6 as usual. Precision measurement by [47]
requires strong correlation among parameters to gen-
erate the cancellation between different contributions
[1,103]. We define «;; =arg(&;) and show some
allowed regions at 90% C.L. in Figs. 8-11 in the
a,, — a, plane.

From the figures, we can see for fixing |&,, .|, a;, and a,,
have strong negative correlation. In Fig. 8 and Fig. 9, we
both choose m,, = 20 GeV. For |¢,,| = 1, the allowed band

“Numerically, the charged Higgs contribution is small com-
pared with W+ or top contributions as usual, but it may be
comparable with experimental data especially for electrons, so it
is not negligible like that in radiative LFV decay calculations.

Constraints in a,, — a,, plane by electron EDM. Fix m, = 20 GeV,

£,] = 0.6, and &,, = 1. Yellow regions are allowed at

is very narrow for Aa~ 1072, while for |&,,| = 0.3, the
allowed band is wider for Aa ~ (3—4) x 1072, In Fig. 10
and Fig. 11, we both choose m, = 40 GeV. The behaviors
are the same as the case m, = 20 GeV, but the constraints
are a bit weaker. For |£,,| = 1, Aa~ (1-2) x 1072; while
for |&,,] =0.3, Aa~ (5-7) x 1072, The charged Higgs
loops give subdominant contributions, thus the final results
are not sensitive to ¢H " H~ couplings. The location of the
allowed regions would shift a little bit for different choices
of pH"H~ couplings.

The one-loop contribution induced by flavor-diagonal
interaction, shown as the first figure in Fig. 7, is estimated
for election as |d,|~ (em}/167>v*m})In(my/mz) ~
10732¢ - cm which is negligible small. But the flavor-
changing vertices should also generate CP-violation
effects. If a 7 runs in this loop, the one-loop contribution
for d, is [98,104,105]

em,m2|c, ,.|* sin(2ay ,. mi\ 3
ad, - -y et B (1, (M) 2,
7 167~ v my ms 2
(88)
For |£,,] <0.1, the one-loop contribution is |d,|<

10728¢ - cm; thus, it is negligible compared with the
recent experimental sensitivity [47]. While if |&,,]
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FIG. 10. Constraints in @,, — a; plane by electron EDM. Fix m, = 40 GeV,

is larger, for example, we can take |£,.|~ O(1),'® and

the one-loop contribution to |d,| would reach
O(10727-1072%)¢ - cm. In this case, the allowed region
would be modified a little bit. As an example, for the
parameters in Fig. 8, we show the allowed region
before and after adding the one-loop contribution Ad, =
+107%¢ - cm in Fig. 12.

The neutron EDM contains four types of contribution
[49], including quark EDM d,, quark color EDM (CEDM)
Ziq, Weinberg operator [106,107] w, and the strong CP term
[99] which would not be discussed in this paper. Thus,
[49,100]

d d d - -
=14 (—d ~0.25 —“) +1.1(dy +0.5d,) + (22 MeV)w.
e e e

(89)

We ignore the CP-violation effects in flavor-changing
vertices now. The EDM for u and d quarks are just those

"®Which means |€,.c| < O(107%) according to (83).

-0.02

—0.04f

&4l =06, and &, = 1.

in (87) which come from the Barr-Zee-type contributions,
and the CEDM from the Barr-Zee diagrams are given by
[96,100]

a . Z 2\/§GFasmq |C¢~,1C¢~q‘
T
X (sinay,, cosay ,J1(m,. my)

+ cosay, sin a(/,,qj’l/z(mt, mgy)), (90)

where the loop functions are the same as those in (87).
The contribution from the Weinberg operator is
[100,106,107]

\/EGngas|c p |2 : m2
w = ZWSIH a¢’, COS a¢’,/C <m—é) s (91)

¢
where the loop function K is listed in (B22) in Sec. B.
Including the running effects for these operators as well
(see the Appendixes in [100]),
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FIG. 11. Constraints in @,, — a,, plane by electron EDM. Fix m, = 40 GeV, |£,| = 0.6, and &,, = 0.3.
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FIG. 12. Constraints in a,, — &, plane by electron EDM. Fix m, = 20 GeV, |£,| = 0.6, and £,, = 1. Yellow regions are allowed for
the case without one-loop contribution. Green regions are for one-loop contribution Ad, = +107?’¢ - cm while blue regions are for one-

loop contribution Ad, = —107?7¢ - cm.
d d ~
e my(uy) e
d 3
Mu(pn) <—o.16M + O.l9du(,uw)>
mu(ﬂW) e
+ (8.8 MeV + 0.17my(up) + 0.08m,, (1) )w(pew)-

(92)

Here py is the hadron scale and pyy is the electroweak scale,
a;(uw) ~0.11 [108], and my(uy) ~ 4.8 MeV, m,(uy) ~

2.3 MeV [29]. d,(uw), dy(pw), and w(uy) are all calcu-
lated at the electroweak scale.

Numerically, we use the same benchmark points as
above. Fixing |£,,| = |Eu] =1, |é4] = 0.6, and a,, = 0.
For m, =20 and m, =40 GeV, we show the allowed
regions in a,, — @y, plane in Fig. 13. There exists can-
cellation between different contributions as well. From the
figures, we can see a,, is almost free, and «a,; is con-
strained in a narrow band. For both cases, «,,, = a4, = 0 is

inside the allowed region, and Aa,,; ~ 0.1. The cancellation
behavior is not sensitive to m,,. It is also a strict constraint
from neutron EDM, but not so strict as that from elec-
tron EDM.

Next, consider the contributions from flavor-changing
vertices. Strict constraints from meson mixing (see the text
in Sec. III D) require that the contributions for d,, from the
bd¢p, sd¢p, and uc¢ vertices should be less than
O(1073%)¢ - cm; thus, they are ignorable. But CP violation
in the tug vertex would give a larger contribution to d,, and
d, [98,104,105] through the one-loop diagram as the left
figure in Fig. 7,

Adu my |C¢ tu |2 sin(2a¢ tu) m%

— = . . — |3 93
e %: 247%p? P mé (93)
~ my, |C¢,tu |2 Sin(zatﬁ,tu) m%

Ad, = ; = P )’ (94)
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FIG. 13. Allowed region on the a,,, — a4, plane with constraint from neutron EDM. We fix |£,, | = |£,.] = 1, |&,] = 0.6, and a,, = 0.

The left figure is for m, = 20 GeV and the right one is for m, = 40 GeV. All other benchmark points are the same as above. Yellow

regions are allowed at 90% C.L.
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FIG. 14. Allowed region by the constraint from neutron EDM. Benchmark points are the same as above in Fig. 13. Yellow regions are
allowed for the case without one-loop contribution. Green regions are for one-loop contribution Ad,, = +10">°¢ - cm while blue regions

are for one-loop contribution Ad, = —10">¢ - cm.

The loop function P (x) is listed in (B23) in Sec. B. For
|E| ~ 1, the additional contribution to the neutron EDM
can reach Ad, ~O(1072° —107>)e - cm, which would
change the cancellation behavior and shift the allowed
region a little bit. In Fig. 14, we show the allowed region
before and after adding the one-loop contribution
Ad, = +107%¢-cm. The case |Ad,| 26 x 107%¢-cm
is excluded for this benchmark points choice because

TABLE IV. Recent experimental and theoretical results for
B(().;) — ptu~ decay branching ratios.

Result Br(BY —» ptyu) Br(BY — utu™)
CMS (2.8555) x 107 (4.4732) x 10710
LHCb (2.7508) x 107° (3.3721) x 10710
Combined (2.8°07) x 107 (3.911¢) x 10710

SM prediction  (3.65 £0.23) x 107 (1.06 £ 0.09) x 10~1°

enough cancellation between different contributions cannot
be generated.

H. Constraints from B-meson rare decays

The leptonic decay BOS) — uTu~ was measured by CMS
and LHCDb collaborations and the results [109-111] are
listed in Table IV together with their SM predictions
[112,113]. Both measurements are almost consistent
with SM predictions”; thus, new physics contributions
would be limited.

The tree-level contributions to BOS) - utu~ are
negligible [1] due to the constraints from Ié—meson mixing.
Here we consider the charged Higgs contribution only.
In this scenario, m, ~wv is favored as above. For

"The CMS result for Br(B® — u*u~) has a deviation from
SM prediction at about 2¢ level. The same thing happens to the
combined result for Br(B® — u*u~).
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Constraints by Br(B — X,y) fixing m, = 200 GeV. In the left figure, we take |£,| = 0.6 and plot the allowed region in

|€ps| — ap; plane. In the right figure, we take @, = 0 and plot the allowed region in |£,,| — |£,,| plane. In both figures, green regions are
allowed at 68% C.L. and the yellow regions are allowed at 95% C.L.

|€bb]

2.0

-2 -1 T 2 3 @bt

|€bbl
20

01 02 03 04 05 06 |€ul

FIG. 16. Constraints by Br(B — X,y) fixing m. = 300 GeV. All other sets are the same as those in Figure 15.

\ébb.aa.ce| ~ O(1), the modified branching ratio for B(()s) -
utp~ should be [114]

Br(BY) — u'p”)
BrSM(B(()S) = pu)

_ |§tt|2y2HDM<m%/m%V’m3:/m%V> :
- (1- Gl ) o

where 7 = 0.987 is the QCD and electroweak correlation
factor and the loop functions ); are listed in (B25)—(B26)
in Sec. B. Numerically, consider B — u*pu~, both CMS
and LHCb results give

£l < (0.7-08) (96)
at 95% C.L. which is near the constraint by B
meson mixing in (58). For BY — u*u~ decay, these regions

are also allowed at 95% C.L. by both CMS and LHCb
results.'®

The world averaged value for B radiative decay branch-
ing ratio reads Bry.(B — X,y) = (3.434+0.22) x 107*
[67] which is consistent with its SM prediction Brgy (B —
X,7) = (3.36 - 0.23) x 10~* [115]. In 2HDM, according
to (25), a charged Higgs boson can also run in the loop
instead of W* for the radiative decay process; thus, the
branching ratio can be modified. In type Il 2HDM, the
charged Higgs mass is constrained to be larger than about
410 GeV [116]" at 95% C.L. But in a general 2HDM, a
lighter charged Higgs boson may be allowed [1]. Different

'8If considering the combined result, |&,| < (0.5-0.6) is still
allowed by data due to B — x*u~ which is a bit stricter than that
in (58). For BY — p*u~, we also need |&,|2 (0.2-0.3) at
95% C.L. because the combined deviation between Br(B® —
utu~) and its SM prediction is a bit larger than 2c.

“This value is different from the data in the text of [116]
because the SM prediction result was updated in [115] recently.
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from leptonic decay, the radiative decay branching ratio is
sensitive to not only m.. and &,,, but also &,,. For a general
case, ay, = arg(&,,/&,) is also a free parameter. Based on
[116] and the mathematica code, we plot the constraints on
these parameters in Figs. 15 and 16, fixing m, = 200 and
my = 300 GeV, respectively. From the figures, we can see
that for |£,,| = 0.6, for most a;, choices, we have |&,,| < 1;
however, for some a,, choices, a larger |, | is also allowed.
While for fixed a,,, there is also a larger allowed region in
|€bp] — |€1| plane. The constraint is not so strict as that for
the type II 2HDM because more parameters are free, just
like the case in [1].

IV. PREDICTIONS AND FUTURE TESTS
FOR THIS SCENARIO

We have discussed all the constraints on the Lee model in
an alternative scenario which is weakly coupled. As shown
above, it is still not excluded by experimental results.
Comparing with the scenario in [1], the particle spectrum
are the same. But in this scenario, all the scalars are
required to have their mass around electroweak scale or
lighter. Especially, the lightest scalar is required to have its
mass m,, ~ O(10 GeV) which means new physics is hidden
in the scale lower than electroweak scale. That’s different
from the scenario in [1] in which new physics would appear
at O(TeV) or higher scale.

In this scenario, the couplings of the 125 GeV Higgs
boson is SM-like, but other particles are not decoupled;
thus, they would face future tests at colliders. A lighter
scalar can also appear through the Higgs decay channels
h — Zn, nn, which are worth searching. Different scalars
may also be produced associated with each other or with
the heavy quark (pair). & — Zn, nn rare decays would also
be constrained by Higgs signal strengths which would be
measured precisely in the future. Experiments on flavor-
changing processes and EDM measurements would also
help to confirm or exclude this scenario indirectly.

A. Direct searches for extra scalars at future colliders

The key prediction of this scenario (the weakly coupled
Lee model) is a light particle # with a mass of O(10 GeV).
It should be a CP-mixing state with the pseudoscalar
component dominant. Its low mass is correlated with the
smallness of the CP violation. At the LHC, it certainly can
be produced through gluon fusion or bb fusion with a large
cross section, but such a light particle would be hidden
below the huge QCD background [13]; thus, it is difficult to
discover. At the LHC, with /s = (13-14) TeV, 5 can also
be produced in associated with top quark pair with a cross
section of O(0.1) pb [117]. According to [117], at the
LHC with /s = 14 TeV and 3 ab~! luminosity, for m,~
(2040) GeV, the constraint |&,| < (0.34-0.54) at
95% C.L. would be achieved assuming no positive results.
It would be stricter than all the recent constraints obtained

PHYSICAL REVIEW D 94, 055008 (2016)

from indirect processes. On the other hand, for
m,, ~ (30-40) GeV, the benchmark case [, | = 0.6 would
be discovered at more than So.

n can also appear as the decay final state of other scalars,
such as h, H — nn, Zyn, etc. We will study the cascade
decay channels in detail in the future. LHeC [118,119]
would be a better collider in searching for the exotic Higgs
decays [120]. At future e™e™ colliders [121-124], it is also
possible to discover 7 through Higgs rare decay processes,
such as ete™ — Zh(— nn). At the Higgs factories with
/s ~ (240-250) GeV like CEPC [123] or TLEP [121],
this process can be discovered at 5¢ with 5 ab~! luminosity
if Br(h — nn) > 1073 [123]. 5 can also be produced in
associated with Z or h at CEPC or TLEP. With a roughly
estimation comparing with LEP results [50-52,65] we used
in Sec. A, using O(10>-10°) fb~! Iuminosity, the
sensitivity to ¢,y and ¢, (= ¢y y) would improve at least
an order. At ete™ colliders with \/s > m, + my, it is
possible to produce # and H through ete™ — yH.*’ It’s
worth noting that under weak-coupling assumption, mg
should be around the electroweak scale, and ¢,y = ¢), ~ 1
would never be suppressed; thus, this is also a key process
to confirm or exclude this scenario at future e™ e~ colliders.

For the heavy Higgs boson H, a mass around v is
required; thus it is possible to discover it at the LHC [125].
For my ~ (200-300) GeV, we choose |&,| =0.6 and
cyy = 0.3 from above, with the cross section o(pp —
H — ZZ) ~ (120-200) fb according to [126] at the future
LHC with /s = 14 TeV. It is larger than the 5¢ discovery
threshold (50-100) fb using 3 ab~! luminosity [125]; thus,
it could be easily discovered. If no signal evidence were
found, according to [125], the 95% C.L. limit for 6(pp —
H — ZZ) would be (20-40) fb for the mass region
my ~ (200-300) GeV. Since the dominant production
channel for H is gluon fusion, this result means the future
LHC would be able to set the constraint

[Suleny <0.08 97)

at 95% C.L. if no evidence for this channel were found.
Through the oblique parameter constraints, the charged
Higgs mass is around v in this scenario. It must face the
direct searches at the LHC or e e~ colliders. At the LHC, it
can be produced through gh — tH~ associated production
[127] which was used to search for the charged Higgs
boson in [57]. For a light charged Higgs with
my ~ (200-300) GeV, for |£,| ~0.6 and |&,,| ~ O(1), it
would be discovered at the LHC with /s = (13-14) TeV
and 300 fb~! luminosity, and the polarization of the top
quark would also be useful to test the chiral structure in the
tbH~ vertex [128-130]. At the e'e~ colliders with

2If my; ~ 200 GeV, the Higgs factory mentioned above is also
allowed for this process.
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TABLE V. Examples for main processes which would be useful to test this scenario at future p p collider. “*”” means we will study this
process in detail in the future. In this table, all masses are chosen as: m,, = 40 m;, = 125, and my = m, = 300 GeV as an example. The
benchmark points listed here for collider or model parameters are possible choices but not the only choice for the corresponding

processes.

NG Couplings and/or Cross
Collider Process (TeV) branching ratios section (pb) Implications
LHC pp — tin 14 |€4] = 0.6 0.18 Over 56 discovery with 3 ab~! luminosity
assuming Br,_,; = 1.
LHC pp — H(ZZ) 14 |€:] = 0.6, Bry_,z = 3% 0.12 Over 5¢ discovery with 3 ab™! Iuminosity.
LHC pp = H(Zn,nn) 14 Cry = cpy =095, [§,] = 0.6, 4 xBry_z,,, *To be studied.
Grm ~ 1

LHC  pp(bg) —» tH=(ib) 14 [&,[ = 0.6, |&] < 1, Bry-_z =1 0.6 5¢ discovery with O(10%) fb~! luminosity.
TABLE VI.  Examples for main processes which would be useful to test this scenario at future e*e™ colliders. “*”” means we will study

this process in detail in the future. In this table, all masses are chosen as: m, = 40, m;, = 125 and my = m, = 300 GeV as an example.
The benchmark points listed here for collider or model parameters are possible choices but not the only choice for the corresponding

processes.
Vs Couplings and/or Cross

Collider Process (TeV) branching ratios section (pb) Implications

CEPC ete” = 7 0.25 ey =0.1 4.4 %1073 *Sensitivity to ¢,y would reach O(1072)
with 5 ab~! luminosity.

CEPC ete™ = hy 0.25 Cpy =cpy =03 7.3 %1073 *Sensitivity to ¢y would reach O(1072)
with 5 ab~! luminosity.

CEPC ete™ = Zh(nn) 0.25 cpy =095, Br,_,; =1 0.19 x Br)_,, 5¢ discovery with 5 ab™! luminosity

if Bry._,, > 107
ILC ete” = Hpy 0.5 chy = 0.95 1 x 1072 *To be studied.
ILC ete” > HTH™ 0.8 Bry-_; =1 1.4 x 1072 Cross section can be measured to 9%

with 1 ab™! luminosity.

/s 2500 GeV, we can discover the charged Higgs
boson through the ete™ - HTH~ process [131,132].
This process would not be suppressed; thus, it is useful
to confirm or exclude this scenario. In Tables V and VI,
we summarize the mentioned channel above which
would be useful for testing this scenario in the future
[117,123,125-133].

If all three neutral scalars and their couplings to VV were
discovered in the future, the associated productions for any
two scalars would be important to confirm CP violation in
the Higgs sector as well. Since in a general model, if no CP
violation exists in the scalar sector, all three discovered
neutral scalars should be CP evenzl; thus, there would be
no direct i;h;Z vertices. The e*e™ — h;h; process would
be loop induced in this case; thus, the cross section would
be highly suppressed. If the cross sections show that there
exists tree-level h;h;Z vertices,” the scalars must contain

IThis case cannot appear in 2HDM because there must be
additional scalar degree of freedoms, such as another Higgs
doublet.

2For example, if the cross sections satisfied the relations in
(A15).

different CP components and, thus, we would be able to
confirm CP violation in the scalar sector [133].23

B. Future measurements on the 125 GeV Higgs boson

In this scenario, the couplings between the 125 GeV
Higgs boson / and SM particles should be SM-like. Exotic
decay channels 4 — yn or Zn make the total width of &
larger, which would also affect other decay channels of 4.
In the future, the LHC will be able to measure the signal
strengths h — yy, ZZ*, WW*, bb, 777~ to the precision
(11-14)% with 300 fb~! luminosity, and (7-8)% with
3 ab~! luminosity [134,135].

In this scenario, the modification of Higgs couplings to
fermions or gauge bosons should be at percent level, for
some cases it can reach 10%. Under this assumption, if the
future signal strengths were all consistent with SM pre-
diction, we perform a global-fit and estimate that at least

“Notice this is a model-independent method to confirm CP-
violation in scalar sector. But it cannot be used to exclude CP-
violation in the scalar sector because, in some models, there are
no direct h;h;Z vertices even if CP violation exists in the scalar
sector.
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[0 < (0.4-0.6) MeV (or equivalently Br,, < (10-15)%)
would still be allowed in this scenario. The direct mea-
surements at the future LHC cannot reach the sensitivity to
test the modification of Higgs signal strengths from those
in SM.

At future eTe™ colliders, such as the Higgs factories
CEPC [123] or ILC [124,131] with /s ~ (240-250) GeV,
to the luminosity of O(ab™!), all the channels mentioned
above together with the Higgs total width can be measured
to percent level or even better. For ¢,y ~ 0.95, A6z, /67, ~
10% which can be measured with O(0.1 ab~!) luminosity.
The precision measurements on & — bb, 777~ are also
helpful to distinguish this scenario from SM. If no devia-
tions were found, |, ..| would be constrained to O(1). For
h — gg decay, it is sensitive to both |c;,| and a;,. The
exotic decays h — nn, Zn would also be discovered or
further constrained at the Higgs factory.

CP violation is a main component of the Lee model,
for example, the hff couplings would contain CP
violation. For the 7 lepton and top quark, the decay
distribution would include its polarization information;
thus, it is possible to test the CP-violation effects in the
htt and htz~ vertices [131]. At the LHC with /s =
13 TeV and 3ab~! luminosity, using the & — t+7~ decay
mode, it is possible to measure a;,, to the sensitivity
Aay, , ~ 4° with the help of the final states distribution in
the = decay [136], while at the eTe™ collider, with /s =
250 GeV and 1 ab™! luminosity, this sensitivity would
reach Aaq),, ~2.8° [137], both of which are enough to
test this scenario. For the htf coupling, we can use
ete” — fth  associated production to test a,
[105,131,138], with /s > 2m, + m; ~ 470 GeV.

C. EDM for third-generation fermions

As mentioned above, the polarization of a 7 lepton or top
quark can affect on the distribution of its decay final states.
With this property, it may be possible to test their
anomalous electroweak couplings including EDM. For a
heavy fermion such as z, b, ¢, if one-loop contribution to
CP violation (see Figure 7) exists, the Barr-Zee-type
contribution would be ignorable. The one-loop contribution
reads [104,105]

Qrm} e sinRayy) ) (M7
dy = —1 ' Lo, (=L), (98
57 167202 z{ﬁ: my, e <m§5> (%8)

where the loop function P,(x) is listed in (B24) in Sec. B.
For a 7 lepton,

ml& (1 (M) _3) Lo
.| < o2’ (ln(mg> —§> ~10722|&, >e - cm.
n T

(99)
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If |€,,| ~ 1, itis still far away from the future sensitivity of
EDM, around O(10~"%¢ - cm), given by SuperB [139,140]
with /s = my(4s) and (50-75) ab~! luminosity or CEPC
[123] with /s = 240 GeV and 5 ab~! luminosity. But for a
top quark, it can be larger due to its large mass. With the
benchmark points in Table I, for |&,|=0.6 and
m, ~ (20-40) GeV, |d,| can reach O(107""-107"%)e - cm
which would be possibly tested at future e*e™ colliders
with O(ab~!) luminosity [105,141].

D. Future tests in flavor physics

At the future SuperB with (50-75) ab~! luminosity
[139,140] and the LHCb with 50 fb~! luminosity [142]
experiments, for B(()S) - B(()X) mixing, the sensitivity to
App,) in (52) would reach (3-7) x 1072 given by [74].
With these sensitivities, if no deviations in B meson mixing
were found, it would require || < (0.2-0.3) at 95% C.L.,
while the benchmark point we choose in the text above,
|E,;| ~ 0.6, would lead to at least a 56 deviation from the
SM prediction in B meson mixing results.

Another important indirect constraint on &;, comes from
the leptonic decay of B meson. Future measurements on
Br(BY — utu~) would reach 12% with 3 ab~! luminosity
by CMS [143] and 4% with 50 fb~! by LHCb [142]. If no
deviation from SM were found, it would require |&,| < 0.4
at 95% C.L. If |£,;| = 0.6, the LHCD result would be larger
than the SM prediction at 3¢ level.

At the LHC with /s = 13 TeV and 300 fb~! luminos-
ity, if no LFV signal were found, it would require Br(h —
urtT) < 7.7 x 107 at 95% C.L. [144], or equivalently
€| < (1.1-3.5) which is still not strict. To 3 ab™!, the
upper limit for |£,,| would reduce to (0.6-2.0). At the
SuperB factory with 75 ab~! luminosity, Br(z — uy) can
be constrained to less than 2.4 x 10~ at 90% C.L., or be
discovered at 3¢ level if it is larger than 5.4 x 107 [140].

According to (76) and (78) taking the benchmark points
in Table I, fix |£,,| = |&,| = || =1 and &, = 0.6, we
plot the Br(z — py) distributions in a, — a,, plane in
Figure 17, for m, =20 (left) and m, =40 GeV (right).
If no evidence for = — uy were found, the parameters
would be constrained to be in the green regions, while if the
parameters were in blue (orange) regions, 7 — uy would be
discovered at the 3(5)c level at the SuperB factory with
75ab~! luminosity. Fixing |€,.| = |£,,| =1 and leaving
other parameters free, if no evidence were found at SuperB,
|&.;| would be required less than 1.2 for the m, = 20 GeV
case or less than 2.6 for the m, = 40 GeV case.

At the SuperB factory, the dominant background for z —
uy should be ete™ — 7y [139] which would be sup-
pressed at a collider with /s not far above 2m,, such as
Super tau-charm factory [145]. At Super tau-charm factory
with 10 ab™! luminosity, the sensitivity of Br(z — uy)
would reach around 2 x 107! [146], which can give
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FIG. 17. Distributions of Br(z — uy) in o, — a,, plane with the benchmark points in Sec. IIl F. The left figure is for n,, = 20 GeV and

the right figure is for m, =40 GeV. In both figures,
Br(t — puy) <2.4x 107,

¢l = 6yl = 1€/ =1 and &, =0.6. The green regions are for
the yellow regions are for 2.4x 107 <Br(r — py) <54 x 107, the blue regions are for

54 %107 < Br(r — py) <9 x 107°; and the orange regions are for Br(z — uy) > 9 x 107°.

further constraints. Future MEG experiments on Br(u —
ey) would reach the sensitivity 6 x 1074 in three years
[147], which can give stricter constraints for all the three
LFV couplings &, cr c-

V. CONCLUSIONS AND DISCUSSIONS

In this paper, based on weakly coupled spontaneous CP-
violation 2HDM (named Lee model), using the correlation
between the lightest scalar and smallness of CP violation
through small 74s: which was proposed in our recent paper
[1], we predicted that a light CP-mixing scalar with its
mass of O(10 GeV) should exist. It is pseudoscalar
dominant with only about O(0.1) scalar component. In
this scenario, other scalars’ masses are all around the
electroweak scale v. It’s attractive because there should
be new physics hidden at O(10 GeV) scale which is below
the electroweak scale, different from the scenario we
discussed in [1] in which the Higgs sector is strong-coupled
and new physics appear at O(TeV) or higher scale.

We discussed all experimental constraints, at both high
and low energy, for two typical lightest scalar () masses,
m, = 20 GeV (h — Zn decay allowed) and m, = 40 GeV
(h — Zn decay forbidden). For these n masses, ¢,y ~ 0.1 is
required theoretically and it is also allowed by data. The
125 GeV Higgs boson & has SM-like couplings to fermions
and gauge bosons. With a global fit to Higgs signal
strengths, branching ratio for exotic decay channels are
constrained to less than about 30%, which leads to strict
constraints on hnn (and hZn if m, < 34 GeV) couplings.
The constraints from oblique parameters require m, ~
my ~ v under the weak-coupling assumption. The typical
benchmark points listed in Table I are chosen according to
these constraints.

In the Lee model, there is no additional discrete
symmetry except CP; thus, there may exist flavor-changing

interactions at the tree level. We adopted the Cheng-Sher
ansatz to parametrize the flavor-changing effects. High
energy processes including top flavor-changing inter-
actions cannot give strict constraints. The most strict
constraint from high energy experiments comes from an
indirect test, top quark widths limit from ¢ pair production,
which requires |&,.| < 1. A more strict constraint comes
from D° — D° mixing which requires |,.&,,| < 6. All other
|&;;| in quark sector are constrained to be less than around
O(1072), through meson mixing measurements. In the
lepton sector, indirect tests (especially radiative LFV
decays) require |&,.| < O(1), while the upper limits on
€| OF |E,:E,| are of O(1072). EDM tests also favor
|Eerue] S O(1). These constraints are usually stricter than
those in [1] as we discussed, that’s because in this scenario,
a lighter scalar would give more significant contribution to
the flavor-changing processes.

B meson mixing and B leptonic decay processes are all
sensitive to &,. With these data, |&,| < 0.6 is favored at
95% C.L., which is the reason why in most parts of the text
we choose |£,,| = 0.6 as a benchmark point. The B radiative
decay process is sensitive to both &, and &,,. With the
assumption m_ ~ (200-300) GeV and |&,| = 0.6, &), <
O(1) is allowed by data. That is a difference between this
scenario and type II 2HDM in which the charged Higgs
should be heavier than around 410 GeV at 95% C.L.

The EDM constraints are also strict just like the
scenario we discussed in [1]. For both the electron and
neutron EDM, we need a large cancellation between
different contributions, as shown in Fig. 8-Fig. 14. In
each of the figures, the two shown parameters are con-
strained in a narrow band which means a strong correlation
between them.

We also discussed the future tests for this scenario. For
the lightest scalar #, the dominant ways to discover it at the
LHC are associated production pp — ffn and cascade

055008-21



YING-NAN MAO and SHOU-HUA ZHU

decay pp — h, H — nn, Zn. However, since the heaviest
neutral scalar is also required to have its mass around v, it
can also be searched through Zn or VV final states. At the
LHeC or eTe™ colliders, the exotic decays h — nn, Zn
would be tested. In particular, at the Higgs factory, with
O(10-10%) fb~! luminosity, ¢,y ~ 0.1 can be discovered at
(3-5)c through rescaling the LEP constraints. If nothing
were found, constraints on ¢,y would improve an order
which also implies m, ~ O(GeV); thus, this scenario is
disfavored. The mass of the charged Higgs boson is
predicted to be around » which is in the range to be
discovered at the future LHC or ete™ colliders with
V/$ 2500 GeV, using O(0.1-1) ab~! luminosity. Note
that the eTe™ — H'H™ process cannot be suppressed with
fixed m.. If nothing were found, this scenario would be
excluded.

If all three scalars are discovered and they all have direct
vertices to massive gauge boson pairs, the Z-mediated
Higgs associated pair production via e*e™ — h;h; would
be a key observable to confirm CP violation in the scalar
sector. It can be used to distinguish Lee model and models
in which the scalar sector contains more CP-even degrees
of freedom but no CP violation.

PHYSICAL REVIEW D 94, 055008 (2016)

Indirect tests on B meson mixing and B leptonic decay
can be used to test a nonzero &, or give a stricter limit on
|£|- For the case |£,| = 0.6 we used in this paper, there
would appear (3-5)c deviations in these experiments. If
nothing anomalous were found, |£,,| would be pushed to
less than about (0.2-0.3). Radiative LFV decays would also
confirm a nonzero LFV vertex or push them to a smaller
number, depending on the results positive or negative.

In this attractive scenario, all new physics would appear
below or at electroweak scale which behaves different from
most models in which new physics appear at or above
O(TeV) scale. It means this scenario is testable. The
roughly estimation showed it is able to discover or exclude
this scenario, especially for # who is hidden at O(10 GeV)
scale. It is also possible to distinguish whether CP violation
in the Higgs sector exists if all neutral scalars were found.
Thus, it is worth further detailed study, especially at future
ete™ colliders.
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APPENDIX A: SPECTRUM AND COUPLINGS

The expansion for the neutral scalar mass matrix

(A4 —/17)S§

—((),4 — jq)SﬂCf + /126'/})3'5

4/116'; + AzSzﬁC'g + (/14 - /17)6‘%6‘?

—((),4 — )q)C/jCét + ﬂsSﬁ)S;::

(A3 4 A7) + (A4 = A7)¢3/2)s5

is m = mg + (tgse)imy + (155)*my + ... To the first order, we have

v

where 6 = (1/2) arctan(24,/(44; — A4 + 47)) is the mixing angle. The scalar fields are

ny = I,

Calculation by the perturbation method to the leading order of (z4s;) gives

m
n=1I,— (tpse) <( )iz (coRy + sgRy) +

(m9) 2

+hycjes + Assjee (A1)
(14 - 17)6%6'2
+/15s2/365 + 41@5‘2
My g = 5 \/(441 + A4 = A7) F ((44) = (44 — A7)) 29 + 242559), (A2)
h R
(), = (50 ) () 3
H 0 —Sg Cg R2
(ﬁll)lf&( R, — R) —t I:: (A4)
I
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m
h = CglRl -+ SQ/RZ + (,, 1)12 (t/,vSé:)Iz; (AS)
(mo)zz
H = —Sg/Rl + CQIRQ + (tﬁS§) <11 + ( )13 12) (Aé)
(m0)33
vty 7, )2 i, )2
DlpSe ()1, (M)
m (M) — = — . (A7)
" V2 (M)ay  (119)33
Here
; -
0 =0 + ~( ﬂS§>(m1~)23 ) (Ag)
(1110) 20 = (1119)33
The scalar self-interactions,
1 1
L= _Z 5 < Gijkvhihjhy + — Sin gukh hihhy (A9)
ijk

where the symmetric factor S = [[(n;!) and n; denotes the
appearance time for A; in the Lagrangian. The couplings
can be obtained directly from

g 1 oV *v
l.. == -7 N g[ . = .
B0 oh OOy g,y T O OhOWDOR |y
(A10)
As an example, the hnn vertex is given by
oV
Iy = hon
1 tﬂCé:
= (A3 + A7)y + 34580 = T(ﬂzce/ + (A4 — 47)s¢).
(A11)

For m, < m,,/2, the strict constraints from the & — 5 rare
decay showed that

st 1y

: (A12)

C
A3+ 47 + 25(/124‘(/14—/17)@’)7

which means we can ignore (), ~O(f) in the for-
mula above.

For the h;VV and h;h;Z couplings, the effective inter-
action should be written as

2m? m2
Ly = c,»,vh,-< UW WH W, + fz#z,,); (A13)

hih;Z = D) iYulty hjaﬂhl) (A14)

U9 gu(h,d,h; —
Cw

With a straightforward calculation, we have

PHYSICAL REVIEW D 94, 055008 (2016)
(A15)

Cpv = ChH>» Cny = CHy» CHyv = Cyhs

thus, >~ ¢iy = > ¢f; = 1. In this scenario, to the leading
order of 75,

(m1) 13 (%)12)
Cpy = 1gS <1+s9 - —Cp—= ; (A16)
! e (110)33 (110) 2
Cpy = Coy —+ t/5C§S9/; (A17)
CHA,V = —Sy + tﬁC:Cg/. (AIS)

For the case m, <m; —my, strict constraints from

the h— Zny rare decay showed that cyy <1;
thus, lg = l‘/}Cg.
The Yukawa interactions are
Cop My -
=-2(E %nm
Cop.ijy/MiMM;
+y A fL,fR,¢ +He.,  (A19)

i#]

where ¢ denotes any scalar and f denotes any fermion.
The factors for diagonal terms can be generated
directly as

D (my 13))
—sg| Erp—= - ; (A20)
( ff( )22 (m0)33
Chy = Co +&pSg + tgce(sg — &rpce)
. (1)1, >
:I:1ts§~<~ —cg |; (A21)
presis (1119) 22 !
Cpf = —Sg + é:ffC(,v + t/;C§(C9/ + éfng)
ltﬁséfff <( ) + Sg) (A22)
(119)33
while the factors for the off-diagonal term are
. (1)1 (1) 13 ))
c,~::I:1§l--<1—l—ts<~ cg —
" / ﬂg(’"o)zzg ( )
()13 (1)1,
sty (s B, a2
AN (119)33 ! (1M9) 2
_ 4 (ﬁ/ll)12 . A24
Cnij = &ij| So — tpcecy L itpse G ) ) (A24)
0)22
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cnij=Sij <c9/ +tgcesy Litgs, <( )13 + 59/) ) . (A25)

(119)33
In each of the six formulas, when “+” appears, “+” stands
for down-type fermions and “—” stands for up-type
fermions.

APPENDIX B: USEFUL ANALYTICAL LOOP
INTEGRATIONS

The loop integration functions for the & — yy(gg) decay
width in (40) and (41) are

Ag(x) = =5 (B1)
Aplx) = x+ (x):2 1)f(x) ’ (B2)
Bija(x) = _%(X) (B3)
x4 3x X — X
Al(x):2 +3 +i§2 l)f( )’ (B4)
where

arcsin?(y/x), (for x < 1);

f(x) = { L(in ll+ﬁ i), (forx>1). (B3)

The difference between A;/, and B;/, comes from the
different tensor structures for the scalar and pseudoscalar
components.

The loop integration functions for the oblique parameters

in (50) and (51) are
:x—l—y_ Xy ln<f>;
2 xX—y y

16
—?—I—S(x—l—y) —2(x—y)?

2 2 )3
+3(ﬂ+yz_xz+u> m(z)
x—y 3 y

+(I=2(x+y)+(x=-y)?
X fx+y—11=2(x+y)+ (x—y)?):

79
_9ﬂ> In
x—1

H(x) = ——+9x —2x?
+ (12 = 4x + x2) f(x, x> — 4x),

F(x,y) (B6)

G(x,y) =

(B7)

3
+ <—10 + 18x — 6x% + x3
(B8)

where
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V/yIn VY
2,/—y arctan (@) y < 0.

y>0;

flxy) = (B9)

The loop integration functions for meson mixing in (55)
and (57) are

x(1 = x? + 2x1nx)

Folx) = 1= ; (B10)
2y ((z=4)Iny 3zlnx
A =2 (T 0
_(1=2)(4-x)
=) (P10
x% In x
fz(x):1+1?x_<l_6x>2_(61 _1x>3_ (B12)

The loop integration functions for two-loop radiative

LFV' s decay in (74 are

10 =3 [[a 20 () @
e

(), o

For z < 1/4, the integrations are defined as their Cauchy
principle value.

The loop integration functions for the two-loop Barr-
Zee-type contribution in calculating the EDM for a fermion
f in (87) are

h(z) =

m? _(m?
Tja(mymy) = II< é), (B17)
mg \mj
m? m?
j’]/z(m,,m(ﬁ) = m_;I/ <m_;)’ (B18)
¢ ¢
miy mg \_(m
jl(vam(/;):_2<<5_2 2)I<_2>
my myy my,
m2 2
(a7 (). oo
2mW m¢
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where

I(z) = Al W _lx) —In (x(lz_x)>; (B20)

Z’(z)—/Oldxl_zx(l_x)1n<x(1_x)>. (B21)

x(1=x)—z z

For z < 1/4, the integrations are defined as their Cauchy
principle value as above. The loop function for the
Weinberg operator in (91) is

(uv)3(1 —v)
) =4t / du/ dv (xv(l —uv) + (1 =u)(1 =0))*"

(B22)

The loop functions for the one-loop contribution to the
fermion EDM in (93)-(94) and (98) are

Pl =5 —x1)2 (x 3 : +xln—x1>;

P A
Z(X)A A1

The loop integration functions for B-meson leptonic

decays in (95) are
X x—4+ 3xInx
S8 \x—1 (x—1)2)°

g

APPENDIX C: FORMALISM FOR MESON
MIXING

(B23)

(B24)

YVsm(x) (B25)

Youpm(x)

We begin with the Schrodinger equation,

) =) = (m=3T)) (e

where |y) = (|M°),|M°))T with the normalization
condition (M°|M°) = (M°|M°) = 2m,, in position space,
and m, I are 2 x 2 matrixes. The Hamiltonian can be
written as

H ="Hy+ Har=1 + Har=- (C2)

The matrix element is
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i 1
(m - —I‘) = mybi <l//z|HAF 2ly ) + 2my,
/dl‘[ U/i|HAF=1|f><f|HAF=1|Wj>
my — E; +ie ’
(C3)

where the states [y, ;) mean |[M°) or [M?), and |f) denotes a
mediated state. The second and third terms correspond to
short- and long-distance contributions, respectively, and
from the third term,

1
L= 2—/ A (i Hap—1 1) (fIHar=1y ;)
myy

X 278(E; — myy). (C4)

The masses and widths for the mass eigenstates are

i i
M) = My + Re<\/<m12 - §r12> (m){z - EI‘T2>> s

where H (L) denotes the heavy (light) mass eigenstate

|MH(L)> = P|MO> + ‘I|MO>- (C7)
p and ¢ are determined through
p\?_mp—il/2
|p|2+|q|2: 1 and <—> = s A (Cg)
q mj, —il'},/2

In the K° — K system, m, is almost real and I"j, ~ m;
thus, Amg ~2Rem,,, while in the B?S) —B?S> system,
ITj»| < |my,| and, thus, Amp ~ 2|m,|.

To transform to momentum space, we take H as the
Hamiltonian density and change the normalization con-
dition to (M°|M°) = (M°|M°) = 2m,,5) (p), with the
matrix elements

Of v f;1M°(p)) = =if up*.

2
Ol 7, |M0(p)) = i "

C9

and the useful AF = 2 matrix elements
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<M0|}Li7#ij}Liyﬂij|M0>
- <M0|fRi7”ijfRi7yij|M0>

2
= < fmi (€10)
YRY: : 5.0 9
<Mo|fLi}’”ijfRi}’,4ij|Mo> = _ngmM; (C11)
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<M0|J_€Liij]_cLiij|M0> = <M0|fRiij]_CRiij|Mo>

5
= > Py c12)
YRY: 7 T 5
<M0’fLiijfRiij|M0> = EmeM’ (C13)

where the bag parameters are all taken as 1 for simplicity.
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