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The two Higgs bidoublet left-right symmetric model (2HBDM) as a simple extension of the minimal left-
right symmetric model with a single Higgs bidoublet is motivated to realize both spontaneous parity (P)
violation and charge conjugation and parity (CP) violation while consistent with the low-energy phenome-
nology without significant fine-tuning. By carefully investigating the Higgs potential of the model, we find
that sizable CP-violating phases are allowed after the spontaneous symmetry breaking. The mass spectra of
the extra scalars in the 2HBDM are significantly different from the ones in the minimal left-right symmetric
model. In particular, we demonstrate in the decoupling limit when the right-handed gauge-symmetry-
breaking scale is much higher than the electroweak scale, the 2HBDM decouples into the general two Higgs
doublet model with spontaneous CP violation and has rich induced sources of CP violation. We show that in
the decoupling limit, it contains extra light Higgs bosons with masses around electroweak scale, which can

be directly searched at the ongoing LHC and future International Linear Collider experiments.
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I. INTRODUCTION

The left-right symmetric models [1-3] based on the
gauge group SU(2);, X SUQ2)g X U(1)p_,, are extensions
of the standard model (SM) motivated by explaining the
origin of parity (P) violation and the smallness of neutrino
masses. In general, it is expected that charge conjugation
and parity (CP) violation can also be realized as a conse-
quence of spontaneous symmetry breaking [4] in this type
of model [5-9]. One of the extensively studied left-right
symmetric models is the minimal left-right symmetric
model which contains two SU(2) triplets and one bidoublet
in the Higgs sector. Despite its simplicity and success in
generating the tiny neutrino masses, it suffers from a series
of constraints in the Higgs and fermion sector from low-
energy phenomenology. It has been shown that in this
model the lightest extra Higgs boson has to be heavier
than ~10 TeV in order to suppress the tree-level flavor-
changing neutral current (FCNC) in neutral kaon meson
mixing [9-11]. The conditions for minimizing the Higgs
potential lead to the observation that without significant
fine-tuning in the potential parameters, the CP phases in
the vacuum expectation values (VEVs) of the Higgs fields
are nearly vanishing [12-14]. In the minimal left-right
symmetric model, the Yukawa couplings for both neutral
and charged Higgs bosons are fixed by the quark masses
and Cabibbo-Kobayashi-Maskawa (CKM) matrix, so that
all the CP-violating phases are calculable quantities in
terms of quark masses and the ratios of the vacuum expec-
tation values (VEVs) of the bidoublet. It has been shown
that in the decoupling limit in which the vacuum expecta-
tion of the right-handed triplet approaches infinity, the
model fails to reproduce the precisely measured weak
phase angle sin283 from B factories [9]. Furthermore,
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from the VEV seesaw mechanism, the B parameters in
the Higgs potential have to be fine-tuned to be six to seven
orders of magnitude smaller than other model parameters
in order to meet the experimental bound on both light and
heavy neutrino masses [14], if the right-handed scale re-
mains in the TeV range, which is accessible by the current
LHC. Given the above-mentioned difficulties in the mini-
mal left-right symmetric model, one may simply give up
the spontaneous CP violation in the minimal left-right
symmetric model by considering explicit CP violation in
the Higgs potential and/or the Yukawa sector [15-19].
However, a detailed analysis showed that little improvement
can be achieved in phenomenology. An alternative treat-
ment for spontaneous P and CP violation was to introduce
mirror particles in a model based on [SU(2) X U(1)]?> gauge
symmetry [20,21].

Motivated by the success of generating spontaneous
CP violation from the general two Higgs doublet model
(2HDM) [22-25], an extension of the minimal left-right
symmetric model with two Higgs bidoublets (2HBDM),
which can break the CP symmetry spontaneously, has been
proposed [26,27]. In this paper we show how the 2HBDM
can relax the stringent constraints mentioned above for the
minimal left-right symmetric model, and in which case it
can decouple to the 2HDM. It has been shown in [26,27]
that such a simply extended model can be consistent with
the low-energy phenomenology in flavor physics. In this
work, we shall concentrate on the details of the generalized
Higgs potential and the vacuum minimal conditions, and
demonstrate how such a model can avoid the fine-tuning
problem in generating sizable CP-violating phases, so that
the left-right symmetric 2HBDM with spontaneous P and
CP violation could become more realistic at the TeV scale.
We focus on the mass spectrum of Higgs bosons in the
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2HBDM. Different from the minimal model with only one
light neutral Higgs boson similar to the standard model, we
shall show that there exist in general three light neutral
Higgs bosons and one pair of light charged Higgs bosons
in the decoupling limit of 2HBDM, which means that
the 2HBDM decouples to 2HDM when vy — o0. Such a
feature differs completely from the minimal left-right
symmetric model.

The paper is organized as follows: In Sec. II, we give an
overview of the problems appearing in the minimal left-right
symmetric model. In Sec. III, we present the most general
Higgs potential with two Higgs bidoublets and demonstrate
in an explicit way why such a generalization can save the
left-right symmetric model from the above-mentioned
problems arising in the minimal left-right symmetric model,
and the possible new physics at TeV scale. In Sec. IV, we
show that the 2HBDM can decouple to 2HDM in the
decoupling limit and then extend the result to general cases.
The conclusions and remarks are given in the last section.

II. OVERVIEW OF THE MINIMAL LEFT-RIGHT
SYMMETRIC MODEL

The Higgs sector in the minimal model consists of one
Higgs bidoublet and two Higgs triplets:
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where the numbers in the brackets denote the quantum
number of Higgs multiplets under the gauge group
SUQ2), X SU@2)g X U(1)g_. The neutral parts of Higgs
fields obtain VEV in such pattern:
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And the most general Higgs potential is given by [14]:

Vor = —uiTr(¢p" ) — ud[Tr(ddp™ + ¢ )] — p3[Tr(ALA]) + Tr(AgAR)]
+ 4 T (hp™) + L [T(do ™) + T2 ¢)]
+ 3 Tr(pp ) Tr(d " @) + Ay Tr(p ™) Tr(dop ™ + &7 )
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+ B Tr(pAgd ™AL + AL PAR). (5)
There are three independent vacuum minimal conditions, after eliminating w3 parameters:
(2p1 - P3)ULUR = ﬁ]k]kz COS(@L - 92) + ﬁzk% COSHL + ﬂ3k% COS(HL - 292), (63)
0= ﬁlklkZ Sin(ﬁL - 02) + ﬁzk% Sil’laL + ﬂ3k% sin(ﬁL - 262), (6b)
0 = kiko[az(v: + v2) + (43 — 8Ay) (k3 — k3)]sind, + viv, - Bk? terms, (6¢)

where k* = k} + k3 represents electroweak (EW) scale.
From Eq. (6a) one can obtain the so-called VEV seesaw
relation,

B _ vLvr
p kK
which indicates a big gap between v; and vy to produce a
correct small neutrino mass. If p and 8 parameters are

Y= @)

[
within their normal range, i.e., there is no fine-tuning in

Higgs sector, vg has to go up to 107 GeV, as shown in the
literature [14]. On the contrary, if vy is set to several TeV to
obtain TeV phenomenology, 8 parameters have to be fine-
tuned to 1077, The third equation would lead to a severe
fine-tuning problem and contradict to phenomenological
bounds on neutral Higgs mass. By diagonalizing the Higgs
mass matrix, one finds the FCNC-violating Higgs mass is
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The lower bound of Mgcnc constrained by low-energy
phenomenology is 10 TeV. Thus it is obvious that the third
equation is hardly satisfied unless vacuum phases 6, and 6;,
are fine-tuned to very small values and the model fails to
produce a right normal-sized vacuum CP phase. Combining
the constraints from the neutral Higgs mass and the FCNC
Higgs mass, one finds immediately that the fine-tuning
problem is inevitable in the minimal model: one has to
fine-tune a3 when vy goes up to 107 GeV while keeping
M3 cnc around 10 TeV; or else one has to fine-tune 8 when
a3 remains at a normal size.

From the above analysis, one sees clearly that in the
minimal model there is severe inconsistence in the Higgs
potential for yielding correct phenomenology. The vacuum
minimal condition, neutrino mass, and FCNC bounds contra-
dict each other, so that one has to make a big concession on the
naturalness of the parameters in the Higgs sector, including
the fine-tuned nearly zero vacuum CP phase, losing elegance
and failing in spontaneous CP violation. The fundamental
reason of this self-inconsistence results from the fact that the
fermion-Higgs couplings are too strongly constrained by the
left-right symmetry. This is exactly why we want to add an
extra Higgs bidoublet to relax the Yukawa sector.

®)

III. THE TWO HIGGS BI-DOUBLET LEFT-RIGHT

SYMMETRIC MODEL
We simply add an extra Higgs bidoublet y into the Higgs
sector:
0 +
=<X1 X§>~<2,2,0), ©)
X1 X2

which has the same gauge property as ¢ in the minimal
model. The overall neutral parts of Higgs fields obtain
VEV in such pattern:
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Note now there are in total six CP phases in the vacuum
parameters, two of which can be rotated away by gauge
|

g2 ( (v? + 4v)c,
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4

The physical Z, , gauge bosons are defined by

—(*(1 — 1) — 4iB)/Joaw  Ack (v + vE/shy, + v/ cow
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group action. We define here the other four gauge-invariant
CP phases,

07 =07 +05,  6°=065+65

Orc=(0—605) = (67 —6), 6"F=0,—06p (11)

In our following discussion, we take Hf = fr = 0 un-
less otherwise noted. Next we will comment shortly on the
new features of model structures.

A. New features of 2HBDM

With the extra bidoublet y, the resulting Lagrangian
of 2HBDM has new features in its structure at tree level,
which leads to remarkable differences in phenomeno-
logical descriptions. To facilitate further discussion,
we assume that the VEVs satisfy the hierarchy structure
v; K Ky, w17 <K vg. Also, the P and CP symmetry are
assumed.

Gauge sector— There is no change on the Fermion-
gauge part. The Higgs-gauge sector is altered with more
complicated Higgs-gauge interactions. As a result, the
gauge boson mass after spontaneous symmetry breaking
(SSB) is slightly changed. The mass matrices for charged
gauge bosons under basis {W;", WZ} and for neutral ones
under basis {W;, W3, B} are

~W_g2 v2+2v%
4\ —2(k1 K5+ 0y 03)

£ (02 +40})

—2(kjKy T w]w,) (2
v2+20v%

2

~%v —2gg'vi

0_— 2 2
M ) —£v? (v +4vy) —2g¢'vy | (12b)
—2gg'v:  —2gg'va 2g7%(v: +v3)
with
g=g,=gr V' =K}+K3+0l+0] (13a)
KiKy= K Kye'02 =00, wjw, = w w,e"70  (13b)

where v = 246 GeV is the electroweak scale. Following
the same procedure in [28,29], one can obtain the physical
gauge boson mass and the mixing angles, where for
Z, , gauge bosons nothing changed except for the defini-
tion of v.

Z cw  —Swhtw —twCw \ [ Wi
Zp | =1 0 Jow/c —ty Wi |, (14)
A SW SW CZW B

where A is the photon, and Z; p are neutral gauge bosons
with mixing

-@*(1 = &) — i)/ Jaw ) as)
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and the physical masses are found to be
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with the mixing angle { given by
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For the physical gauge bosons W, ,, they are defined as
wi cos —sinZe M\ [ W}
L= . ¢ ‘ “)oag
W, sinfe'” cos{ Wi

with masses
2 2 2
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It is noted that the difference here is the mixing angle
between W and W,, which is replaced as

tan2§ o |K1K2€i(012,_011)) + wlwzei((’;_e(f”
£~ 2 v2 — v?
R L
M2
=—r><M—§V', 1)
W

where r = 2|k Kk, + 0 w,e%"| V2.
One may see from Eqgs. (12a) and (13b) that the
imaginary part of W, , mixing is

—Im(M}) = 2w wycos(65 — 67)singPe
+2(k1 Ky + @@, c0s67)sin(05 — 67)  (22)
and the complex phase 7 is

Im(M,

tan2{ (v — v?)’ 23)

sinn =
The second term in Eq. (22) vanishes when 65 — 67 is
rotated away by gauge symmetry, whereas the first term
always remains nonzero since #7¢ is gauge invariant. This
distinguishes 2HBDM from the minimal left-right sym-
metric model in which the phase of W;, mixing can be
rotated away entirely.

The physical Higgs-gauge interaction depends on the
mixings of the Higgs sector. The SM-like Higgs coupling
to gauge bosons in the minimal left-right symmetric model
resembles those in the SM in the limit k, < k; and k; K
vy, whereas in 2HBDM the couplings might differ from
the SM ones, which is due to its 2HDM nature in the
decoupling limit. We will further discuss it in following
sections.

{[g2v? + 2% + g7} + vR)] T y[820% + 2(g2 + g2)(v] + vR)P — 4g’(g? + 287} + vk (17)

[
Yukawa sector—The general form of quark Yukawa
couplings is

Ly= _ZQiL((yq)ij¢ + (9q)ij<£ +(hy)ijx + (ﬁq)ij/?)QjR,
i

(24)

which induces the quark mass term after SSB,
1

NG

1 p . ~ .
M; = —(yqK2€7“9§ + Y r1 + hqa)ze”az + hqwlef’al).

NG

o e .
M, (VK1 + T k06" + hyw et + hywye'®),

(25)

P symmetry requires
Vo=, F,=50 h,=hl, h,=hl.  (6)
When both P and CP are required to be broken down
spontaneously, all the Yukawa coupling matrices are real
and symmetric. As there are in total 6 X 4 free parameters
iny,, y, and hy, ﬁq, two significant consequences follow:
(1) The very stringent bound on the minimal model
largely results from the fact that the CKM phases
are all calculable quantities given quark masses, mix-
ing angles and ratio of VEVs; while in 2HBDM,
although the relation VEKM = (VEKM)* gl holds
(pseudomanifest), there are more freedoms in the
Yukawa couplings and no direct connection exists

between CKM phases and other input parameters.

(2) The general form of Eq. (25) generates large FCNC
at tree level. The situation gets worse when the mass
of FCNC Higgs is brought down to the EW scale. As
shown in our previous works [26,27], the tree level
FCNC could be suppressed following the similar
treatment in the general 2HDM by considering the
mechanism of approximate global U(1) family sym-

metry [23-25],

(u;, d;) — e %i(u;, d;), (27)

which is motivated by the approximate unity of the
CKM matrix. As a consequence, y, ¥, h, and h are
nearly diagonal matrices.

Higgs sector—Based on the general form of the Higgs
potential in the minimal left-right symmetric model, we
carefully write down the most general form of Higgs
potential for the 2HBDM, which is listed in Eq. (Al).
From that potential, we can obtain the vacuum minimal
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conditions and find that the tension between spontaneous
CP violation and scale hierarchy is largely relaxed; hence,
the new model can generate sizable vacuum phases as the
source of CP violation, whereas the VEV seesaw problem
still leads to the fine-tuning on the 8 parameters. We shall
postpone the details to the next section.

The extended model contains in total 28 freedoms in
the Higgs sector, including 4 + 4 + 2 + 2 neutral ones,
2+2+ 1+ 1 pairs of charged ones, and two pair of
doubly charged ones. After spontaneous symmetry break-
ing, two neutral and two pairs of charged freedoms would
become Goldstone bosons absorbed into the longitudinal
part of gauge vectors, leaving 10 neutral, four pairs of
charged, and two pairs of doubly charged physical Higgs
bosons. After carefully studying the Higgs mass spectrum,
we find that in the 2HBDM there exist more than one light
Higgs boson at the electroweak scale.

From the above analysis, it is seen that the 2HBDM
improves the minimal one by introducing more flexible
Yukawa couplings, hence allowing for free CKM phases,
as well as by enlarging the Higgs sector to avoid the|

(2p) — p3)vLvg = ,Bfklkz cos(f,, —

+ B{wiw,cos(0, + 05 —
+ B kyw cos(f, + 6 —

0= ,3117k1k2 Sil’l(eL

+ ﬁfck2wl Sil’l(eL + 0? -

+ ﬁgck2W2 Sil’l(eL - 6]27 - E),

UL BO(1?) = (1 LV
Ugr

R

65) + By k3 cosl, + Bhk3cos(6, —
S) + Bswicos(6, +26¢) + BSw3cos(6, — 265)

65) + By kywacos(6, — 05) + B4 kywcos(f, + 65)
+ BY kywy cos(6, — 65 — 65),
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inconsistence in the vacuum minimal conditions. As a
consequence, the 2HBDM can be the realistic model
with spontaneous CP violation.

B. Generalized vacuum minimal conditions
and spontaneous CP violation

In the 2HBDM, there are 10 independent vacuum pa-
rameters which correspond to 10 independent vacuum
minimal conditions, i.€.,

9V (28)

Based on the most general form of Higgs potential
given in Eq. (Al), we can write down the general form
of all 10 vacuum minimal conditions following the same
procedure in the minimal model. By eliminating seven
mass dimensional parameters ,uzs, we obtain three inde-
pendent equations:

267)

)[K1K2 sinf} o + w w,sin(6] + 65)as

+ (kyw sin(0y + 65) + K w, sinfs)al’

(29a)
— 6%) + BYk3sin, + BLk3sin(6, — 2675)
+ B§wiw, sin(0, + 65 — 05) + Bswisin(0, + 265) + BSw3 sin(0, — 265)
05) + Bgck1W2 Sin(ﬁL - 05) + Bgcklwl Sin(HL + 0?)
(29b)
22
w) ) (29¢)
vk

+ (ko sinff — ko, sin(65 + 65))af ]+ AO(

where A in the third equation stands for a group of A parameters. From Egs. (29a) and (29b), it is noticed that the
parameters still need to be fine-tuned to satisfy the neutrino mass bound for fulfilling a phenomenological model with vy at
TeV scale. The possible explanation for the smallness of 8 parameters could be a softly breaking Z, or the approximate
U(1)p_ symmetry imposed on a Higgs field; however, these arguments inevitably lead to difficulty in generating correct
quark mass hierarchy and quark mixings [14] or may violate the My, — My relation obtained from experimental
constraints such as Ov B8 [30] or from the K/B meson mixings [9]. In this note we ignore the fine-tuned 8’s and focus
on the spontaneous CP violation. Eq. (29¢) has the following hierarchy structure:

V2

a > AO( ) > ,8— (scale hierarchy). (30)
vk UR

In the minimal model, the terms proportional to a3, af, and @l are vanishing. Only one term & k, sinf5 af exists, which

leads to an extremely small CP phase angle 65 in order to satisfy Eq. (29¢). However, in the 2HBDM, as there are many

more free parameters, the o terms can cancel among themselves such that the sum of them is of the order A terms (O( ))

2)2
)\O<(l;) ) =~ KK, sinfh ad + w w, sin(6 + 05)as + [kyw; sin(0) + 65)
R

+ Kkjw, sinds el + [k o sinb — kyw, sin(0y + 65)]al’, 31)
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the sum of all the « terms may cancel with the A terms, and
the final result is of the order of 8 terms (O(UL)) Thus
in the 2HBDM, Egs. (29¢) and (30) can both be satisfied
with sizable CP-violating phases. The condition can natu-
rally be satisfied provided af ~ a§ ~ o ~ af“ and k| ~
Ky ~ w| ~ w,. Hence, it is seen that the 2HBDM potential
allows sizable vacuum phases 6%, 65, 65, which generate
spontaneous CP violation after spontaneous symmetry
breaking in the gauge, Higgs and Yukawa sectors through

gauge boson mixings, Higgs mixings, and quark mixings.

IV. DECOUPLING LIMIT TO 2HDM

In this section we give the explicit form of the Higgs
mass matrix and separate contributions from different
symmetry-breaking scales, i.e., v, x and electroweak scale
k. We first study the Higgs sector in the so-called special
decoupling limit to 2HDM and then extend it to a general
decoupling limit to 2HDM.

The special decoupling limit to 2HDM.— Let us first
consider a special case of Eq. (31) with the following limit:

V) K Ky, Wy K K, W) K Up, (32)

The reasons to apply Eq. (32) include (1) the electroweak
precision test and neutrino mass require v; <K v;
(2) v/vg ~ 100 GeV/1 TeV < 1 for TeV new physics;
(3) Ky, @y < Ky, @, ensures W;, mixing around 1073
[29,30] or smaller. Combining Eq. (31), an immediate
consequence of Eq. (32) is

lal‘] < 1. (33)

Note that in the above limit the gauge-invariant
phases defined in Eq. (11) reduce to (with current choice
07 =0z =0)

0rc = 65, R =9, (34)

and the other two phases 67 and 6¢ become physically
negligible, as 05 and 05 compared to 67¢ hardly affect
physical processes.
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From the Higgs potential Eq. (Alc), it is not difficult to
check that there is mass splitting of bidoublets. The sym-
metry in the Higgs potential is firstly broken down to
SU(2); due to large vi. The Higgs bidoublets acquire
masses around vy scale through the a-type couplings.
The a}’y’" terms do not break the global SU(2)g symmetry
for bidoublets in the Higgs potential; thus, they do
not contribute the masses at vy scale to bidoublets. The
remaining af“? terms (af° is omitted) contribute to
bidoublet mass in the following way:

(Tr[(X + X ARALD = Te[(X + X1) - Prlvd,  (35)

1({0
ZPR=§( 1). (36)

Here the left-right asymmetric operator g brings the
residual effect of SU(2); symmetry breaking into the
electroweak sector, resulting in mass splitting among com-
ponents of bidoublets and the scale hierarchy in the vac-
uum minimal conditions. Thus, the inconsistence inside the
minimal model is clearly seen as the left-right asymmetric
a3 term is simultaneously linked with both spontaneous
CP violation and FCNC; i.e., the spontaneous CP violation
requires a fine-tuned a; of order k*/v? to generate sizable
CP asymmetry, while the FCNC bound requires a large
mass splitting of order 10 TeV. In the 2HBDM, such a
tension is moderated through more flexible vacuum struc-
ture and Yukawa couplings. To be more precise, let us
define the following structure

b = (1, h),

where ¢, ¢,, X1, and y, are four doublets. When omitting
the mixing between electroweak scale and vy scale, we
obtain the following Higgs potential after SU(2); symme-
try breaking:

with

X = (x1, x2), (37)

Vi ring = —wl 2Tt ] - (MV Trixtx] — (P2 Tr{¢t x + Hel]
SR it g + SR Tyt + SR Tty + )
(,u 2Tt ] - (uz)zTr[;?*x]— (15)? T ' x + Hee]

P PC 2

+ ZRT[¢ ¢] + 22RTr[XX]+

2RT[¢f¢TR]+ 2R

+ (A — terms) + (B — terms).

5 RTr[¢TX+Hc]

v2

T xtxPr]+ I’2 R Ti{(¢t x + He)Px]

(38)

In the limit of Eqgs. (32) and (33), all seven w’s parameters can be solved from the vacuum minimal conditions in the

form
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(u1)? a_f (ui)? _af
v} 27 vy 27
(M2)2 01_5 (Mz)zza_i
v3 2’ v} 2’

(ui)? _af”

(w5 _a3”
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(u3) _p1
v} 27 vy 2

(39)

2 b
vy 2

where approximation is made by omitting all electroweak scale contributions from A terms shown in Eq. (A1d).
With the definition of Eq. (37), we arrive at the corresponding quadratic terms for the four doublets (¢4, x1, ®2, X2),

@
Vorion =

—[2(a3)?
+(afv/2— (BD)2) ) by +

— (@2 ol — (@) i — (@b + xie)
Tedy +2(as) xTex, + (A5 (dpTex, —

¢Tex))]+He.

(a3UR/2_ (M1)2)X2X2

+(af VR /2= () (pd x, + He)

+ (A —terms) + (B — terms),

with

(41)

(0 1
e7\-1 o)

where we have redefined the electroweak scale parameters

A} = ui = avi/2, (42)

which are reasonably small when applying the vacuum
minimal conditions Eq. (39) resulted from the limit case
in Egs. (32) and (33). It is manifest that ¢; and y; will

|

—(@EN2ete, — (@)xix
+ A(pT ) + AxTx1)? +

V¢1)X1v<AR> =

which is exactly in the same form (with 10 independent
terms—three w terms and seven A terms) as the potential in
the general 2HDM model with spontaneous CP violation
[22,23].

It is easy to check that in this limit the electroweak part
of the gauge and Yukawa sectors is 2HDM-like. For the
SU(2); gauge-Higgs interactions, it reads
Ti{(D; ¢) D p]=(Dy )T (DL b))+ (D1 $2) 1 (D ),
Tr{(Dx) D x]=(Dpx )T (D x1) + (D x2) (D xo),

(44)

and for the Yukawa interactions, the quark-Higgs cou-
plings can be written as

LY=0,(y,¢p+5,b+hx+h, 500k
= QL(.Vq¢1 + hq/\/l)Q?e + Q_L(yq(];l + ﬁqX/I)Q;ie
+ 01,2+ hyx2) 0% + Q_L(qu)Z + HqX/Z)Q;iQ'
(45)

(40)

acquire small masses at the electroweak scale after
SU(2);, symmetry breaking from A terms in Eq. (Ald),
while ¢, and y, have masses at the vy scale from af "
terms. Note that approximate mass degeneration of Higgs
fields ¢9, ¢5 in doublet ¢, and x9, x5 in doublet y,
reveals the fact that they are not involved in SU(2);
symmetry breaking.

When omitting the terms concerning the heavy Higgs
fields ¢,, x, and A; g, we yield the Higgs potential for the

electroweak symmetry,

- (ﬂfc)Q(d’Ier + XIQ{)I)
MUbTx)? + (xF )T+ A2 (b x)(x! 1)
+ MbToD b xi + xTd) + AL x Dy + T x) + (T ) X))

(43)

This is why the limit in Egs. (32) and (33) is called the
2HDM limit. The decoupling rule of 2HBDM to 2HDM is
the basic reason why the 2HBDM can be a realistic model
with spontaneous P and CP violation.

Let us now check the Higgs mass matrix. In the limit of
Egs. (32) and (33), the mixings between Higgs bidoublets
and triplets vanish, and also the mixings between left-
hand triplet A; and right-hand Ay become negligibly
small. As a consequence, the 12 X 12 mass matrix
of the neutral Higgs bosons splits into (8 X 8),.®
(2X2), ®(2X2)g on the {¢),, x,, 89, 63} basis, and
the 6 X 6 mass matrix of the charged Higgs bosons splits
into (4 X 4),.® 1, ® 1 in the {¢],, x|, 6], 63} basis.
Substituting Eq. (39) into the mass matrix, we find that
there is a big mass splitting inside the bidoublets; thus,
half of the eight freedoms obtain masses at the vy scale,
while the remaining four freedoms remain at the electro-
weak scale, one of which becomes the Goldstone boson
of SU(2), symmetry breaking. The same reasoning ap-
plies to the charged Higgs sector. The imaginary part of
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8% and 87 becomes the Goldstone bosons of SU(2)g
symmetry breaking and the real parts of 8% and &Y
become physical Higgs bosons at vy scale. To conclude,
there are three neutral and one pair of charged Higgs
bosons at the electroweak scale in the limit of Egs. (32)
and (33). At the vy scale, there are seven neutral Higgs
bosons, and three pairs of charged Higgs bosons, among
which two come from Higgs bidoublets and one from 87,
as well as two pairs of doubly charged Higgs bosons 6] .
The specific form of Higgs mass spectrum is listed in
Appendix B.

General decoupling limit to 2HDM.— In the general
case, the form of Higgs mass matrix is rather compli-
cated. All six VEVs and four phases enter the expres-
sion. However, the above analysis on bidoublet mass
splitting still holds, which means that the heavy free-
doms at the vy scale in two Higgs bidoublets are all
dominated by the explicit SU(2)y symmetry-breaking
terms af ",

It is rather tedious to write down the general form for
the mass matrix, but we have carefully checked and
confirmed that in the general case without imposing the
special limit given in Eqgs. (32) and (33), there are still
three neutral and one pair of charged Higgs bosons at the
electroweak scale as long as the SU(2)r symmetry-
breaking scale vy is taken to be much higher than the
electroweak scale, i.e.,

Ug > K1, Ky, Wi, Wy, Uy, (46)

which may be regarded as the general decoupling limit
for 2HBDM approaching a 2HDM-like state. It is also
found that the mixings of the Higgs sector have the same
pattern as that described in Appendix B.

From the above analysis, we arrive at the conclusion that
the 2HBDM will degenerate to the 2HDM in a general

PHYSICAL REVIEW D 86, 015007 (2012)

decoupling limit [Eq. (46)]. The main difference is that in
the general decoupling limit the electroweak sector is
separated from the right-hand sector associated with vy
scale in a much more complicated way.

The explicit structures of the mass matrices for
physical Higgs bosons are given as follows with different
scales:

( Mg V2 vup vy

MO — vi MY wvup vy
URU URU M% VRVUL ’
KULU VUV ULUR M%
(M;f v vy, “47)
M*=| v M5 v, |

KULU viv My

with M) a3 X 3 mass matrix, M% a4 X 4 mass matrix, and
Mj; a2 X 2 mass matrix, and

Lo (ME RN (- 2p0uh (]
" v MY ) L 2 1)

_ 2
(p3 2P1)Uk+av2.

M% = 2plv%’ 2

M = (48)
Thus the neutral Higgs mass matrix M° in Eq. (47) is
a 10 X 10 matrix, and A°(h™) and H°(H™) stand for
the (nearly physical) Higgs bosons from the combina-
tion of bidoublets with mass scales k and vg, respec-
tively. Mg is a 3 X 3 matrix with elements of order
k*, and M; is also of order k%, while M9 (real part),
MY (imaginary part), and M7 matrix elements are all
of order v.
The Goldstone bosons are defined as

G = Iy + 1308 + wix" + 0l + 2 8)/yfe? +

G = Im(kj) + kY + 0ix) + wyxY + 2vk %) /4 v? + 4v3,
Gf = (—ridb} + K33 — wixi + whxs + VIV 87 /v? + 203,
Gy = (—Kjdy + K — wix7 + waxy + \/EVEBIJ{)/\/UZ + 203,

which have been extracted from the mass matrix. Note that
the real directions of the neutral and charged Goldstone
bosons in the general case correspond to the combination
of G p and Gy g, respectively.

Low-energy phenomenology.— In our previous works
[26,27], we have shown the low-energy phenomenologi-
cal constraints and demonstrated that the mentioned
stringent phenomenological constraints on the minimal
model from neutral meson mixings can be significantly

(49)

relaxed. In particular, it has been shown that the right-
handed gauge boson mass can be as low as 600 GeV,
with the charged Higgs mass around 200 GeV. The
FCNC will not impose severe constraints on the neural
Higgs mass, provided small off-diagonal Yukawa cou-
plings via the mechanism of approximate global U(1)
family symmetry [22,23,25]. We have also analyzed the
mass difference Amyg and indirect CP violation €g in
the neutral K system and observed that the right-handed
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gauge boson contributions to the mass difference Amg
can be the opposite of that from the charged Higgs
boson, and a cancelation between the two contributions
is possible in a large parameter space. The suppression
of right-handed gauge boson contributions to the indi-
rect CP violation €g has been found to occur naturally.
As a consequence, a light right-handed gauge boson
around the current experimental low bound is allowed.
For the neutral B meson system, the mass difference
Amy and the time-dependent CP asymmetry in B —
J/WK; decay have been found to be consistently char-
acterized in the 2HBDM with spontaneous P and CP
violation, which is unlike the minimal model with only
one Higgs bidoublet.

V. CONCLUSION

We have discussed the 2ZHBDM with spontaneous
P and CP violation as a simple extension of the minimal
left-right symmetric model by adding an extra bidoublet.
It has been shown that such an extended 2HBDM can
solve the inconsistency between the vacuum minimal
conditions on spontaneous CP violation and the low-
energy phenomenological bounds on the FCNC Higgs
mass. It has been found that the 2HBDM can relax the
quark Yukawa sector, which is strictly constrained by left-
right symmetry in the minimal one.

In particular, we have demonstrated the existence of a
general decoupling limit in the 2HBDM, which states
that as long as the SU(2); symmetry-breaking scale
caused by the SU(2); triplet Higgs is much higher
than the electroweak symmetry-breaking scale. The
2HBDM will degenerate to the 2HDM-like state, which
apparently differs from the minimal model with or with-
out spontaneous CP violation. As a consequence, the
Higgs mass spectra in the 2HBDM have been obtained
with reasonable approximation, where the three neutral
and one pair of charged Higgs become naturally light
Higgs bosons with masses at the electroweak scale and
may be explored at LHC and International Linear
Collider (ILC) [31,32], and the sources of CP violation
in the 2HBDM also get much richer and may show up in
low-energy processes such as rare B decays [33-36].

PHYSICAL REVIEW D 86, 015007 (2012)

As the 2HBDM decouples to the 2HDM in the
decoupling limit, it can evade the stringent constraints
from the neutral meson mixing and make the allowed
mass of right-handed gauge boson to be closing to the
current direct experimental search bound. It is expected
that the new physics particles in the 2HBDM can
directly be searched in upcoming LHC and future ILC
experiments.
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APPENDIX A: THE MOST GENERAL HIGGS
POTENTIAL IN 2HBDM

By simply adding a Higgs bidoublet y, the Higgs po-
tential becomes much more complicated than the minimal
model with a single Higgs bidoublet. Except including an
identical copy of y coupling to triplets A, g, there are also
the mixing terms between two Higgs bidoublets ¢ and y.
The general form of Higgs potential may be written as
follows:

Voxanae =Vut Vot V, +Vi+Vs  (Ala)

with

V==’ Ti{pTp] — (u§)* Trlx* x]
— ()Tl  x + x" ¢]
— (u Tilbopt + ¢t o] — (u9)> Tl vxt + ¥t x]
— (U3 T dx™ + " x]

— w3 T A AT + AgAT] (A1b)

Vo = of TS ITHAL AT + AgART + of T TITIAL AL + ApAL]
+al Trlpty + x1 ] T{A, A + AzAL]
+ab Trptd + pS I THALAL + ApAL] + o Tyt ¥ + A1 TH{ALA] + AgAL]
+ o Tr(dxt + 1) Tr(AL A + AgAf)
+ o T T (ALA] + ArAD] + a§ Trlxx T (ALA] + AzAD)]
+ ol Tr{(pxt + xd AL AL + (¢Tx + xTd)ARAL]

+ al Til(dxt + xdHALAL + (xTd + dT x)ARALL

(Alc)
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Vi=MTpd 1+ A (T [dpt] + T[T p]) + A T[T 1T ST ]

+ A T p T 1(TLppT] + Tr{ ST ¢])

+ AT x T+ A5 (TePLgx '] + T2t xD) + A Tl g 1 T v x]

+ A5 Tl x 1T g x ']+ T T x D)

+ A (T2t x] + T[xT p)) + AL Te[p T x ] Trlx T ]

+ M Tl TITr T x + xTp] + AL Telxx 1 Tilp T x + xT ]

+ AL (TP px ]+ Tp T xD) + AL Tildx 1T ST 4]

+ ATl p ] Telxx ']

+ A Tl I Tilxt + ¥ x] + A Tilpp 1 T Gyt + ST x]

+ A% Tixx 1Tl gt + ¢T ]+ AT Tixx I Ti kot + 7]

+ A 3 Tilddt £ 11T T x = dxt] + Al s Trlixt = ¥ xI Tty = dx']
+ Mo T xt = xdt 1Tl = dpt]+ A5 1o T dpxt = ¥t 1T ¥ty = ']
+ A, Tyt = xo T Tr o1 x = dxt]

+ A% T{dT¢ = ¢TI T vxt = ¥t x]

Vg = By T{pArpt Al + ¢1A pART + BS T xArx AL + XA xAL]
+ BV T pAgxTA] + oA, xAL]
+ BT dARGTAL + $TA, pALT+ BS T RARXTA] + ¥TA, xAL]
+ B T xArpTA] + XA AL
+ BT pArTAL + ¢TA, GART + Bs Tl xArkTA] + xTA,L ¥AL]
+ BT pArxTAL + YA XAR]+ B Tl pAr¥TAL + p1A, RAL]

V,=pi (TrP[ALA]]+ Tr[ARA LD
+ py (Te[AL A JTHATAS] + Ti{Ag AR T AL A LD
+ p3 Tr[A AJ] T ARAL]
+ py (Ti[AL A TTHARALT + T AT ATTTH AR AR,

(Ald)

(Ale)

(Alf)

where upper indices p’s denote the terms relevant to ¢, ¢’s denote those relevant to y and pc’s denote those relevant to

both ¢ and y.

APPENDIX B: HIGGS MASS SPECTRA IN THE DECOUPLING LIMIT

Here we explicitly list the Higgs mass spectra in the 2HBDM with approximation by omitting the terms O(%}), 0(%),
0(%), and their higher orders.
(i) Light neutral Higgs (h, h9, h9) at the electroweak scale:

(M}3)* =200 k* + 2M{“ w*cos?0f + 225 kw cosb),
(M,3)* = =21 kwsin®65 + AJ kw + A} kw cos+ A}  w? cosd + A) kaw,
(M;3)? = 2§ w* + 2A7“ kP*cos?6 + 2A]  kw cosb,

(M}3)* = —v(2A{“w cosh + AL k),

(M3)? = —v(2A{ Kk cosf + A} w),

(M33)? = 2A{“v?sin® 6,

015007-10
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with

9 = h0 — isinBhY + icosBGY,

#9 = e?hy — e sinBh) — e cos BGY,

(B2)

where 60 =6$, Kk =k, ® =, V> =k*>+ 0’ and
tanB = w/k. G? absorbed by Z; is the neutral Goldstone
of SU(2); symmetry breaking.

(ii) Light charged Higgs (h™) at the electroweak scale:

1 ‘
(M,-)? = 5(2/\§’C — X2, (B3)

with
¢ = —sinBe h* + cosBG,
+ + : i0 ~+ (B4)
X] =cosBh™ +sinBe'” Gy,

where G absorbed by W; is the charged Goldstone
of SU(2), symmetry breaking.

(iii) Heavy doublets (H,, H,) on the basis of {¢,, x,} at
the vy scale:

(M{L 2 = S(ad + a5 %l — @) + 4(af V)0,
(B5)

with

¢, =coséH | —sinéH,,

tan2é = (aff — af)/al".

X2 =-sinéH,| +coséH,,
(B6)

PHYSICAL REVIEW D 86, 015007 (2012)

Mixings inside doublets H; or H, are generally
O(k*/v%).

(iv) Heavy right-handed triplet Higgs (neutral) from

Re(8Y%) at the vy scale:

(MO)? ~2p, v (B7)

(v) Heavy doubly charged right-handed triplet
Higgs(8z™):

(Mz=)? =2p,v3. (BY)

(vi) Heavy left-handed triplet A; (neutral, charged, and

doubly charged):

1
(MAr)? = 53— 2p1)V%. (B9)

(vii) Higgs mixing among different components: The

light Higgs h?,2,3 mixings with heavy Higgs
Re(8Y%) are of order 0(%). The light Higgs A, 5
mixings with heavy Higgs HY , are of order O(f—z).
The light Higgs h™ mixings with H7, are of order
O(%). The heavy Higgs HY, mixings with Re(6%)
are of order 0(%). A; mixings with others ap-

proach to vanishing when v; — 0.
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