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Gauge-singlet dark matter in a left-right symmetric model with spontaneous CP violation
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We propose a dark matter (DM) scenario in an extension of a left-right symmetric model with a gauge-
singlet scalar field. The gauge-singlet scalar can automatically become a DM candidate, provided that
both P and CP symmetries are only broken spontaneously. Thus no extra discrete symmetries are needed
to make the DM candidate stable. After constraining the model parameters from the observed relic DM
density we make predictions for direct detection experiments. We show that for some parameter range, the
predicted weakly interacting massive particle-nucleon elastic scattering cross section can reach the current
experimental upper bound, which can be tested by the experiments in the near future.
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I. INTRODUCTION

The standard model (SM) of particle physics, although
greatly successful in phenomenology, gives no explana-
tions for parity (P) and CP violation. The observed neu-
trino oscillations, the large baryonumber asymmetry and
large energy density from nonbaryonic dark matter (DM)
in the universe are clear indications for new physics be-
yond the SM. In the left-right (LR) symmetric models for
weak interactions [1-4], the left- and right-handed fermi-
ons are treated equally, and P symmetry is restored prior to
the spontaneous symmetry breaking (SSB). The LR mod-
els have other advantages such as the gauge group
SU2); ® SUR)r ® U(1)z_; can be elegantly embedded
into grand unification theories, and the right-handed neu-
trinos are naturally required, etc.

The LR models may also contain DM candidates. In one
of the minimal versions of the LR model, which contains
one Higgs bidoublet ¢ and two Higgs triplets A, z, a Z,
symmetry on the left triplet A; < —A; can be used to
resolve the so-called vacuum expectation value (VEV)
seesaw problem [1]. A direct consequence of this discrete
symmetry is that the neutral component 89 of A; can only
annihilate or be produced by pairs, which makes &9 a
potential DM candidate. Unfortunately, due to the fact
that 89 participates SU(2), gauge interactions which is
rather strong, the weakly interacting massive particle
(WIMP)-nucleon elastic scattering experiments lead to a
severe constraint on the dark matter relic density which is a
few order of magnitudes below the observed value [5].
Thus it cannot be a main source of DM in the universe.

Besides the phenomenological problems, from a theo-
retical point of view, taking the neutral components of the
SU(2), g triplets as DM candidates may lead to difficulties
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in neutrino mass generation. The neutral components are
often stabilized by some discrete symmetries such as Z,. In
the minimal LR model, although the aforementioned Z,
symmetry A; < —A; is essential for stabilizing the neu-
tral scalar &;, it eliminates the Majorana mass terms for
both left- and right-handed neutrinos due to the P symme-
try. The same problem appears in the SU(2); triplet ex-
tension of the SM motivated by the type-II seesaw
mechanism. Namely, the Majorana mass term for the
left-handed neutrino is forbidden after a Z, symmetry is
imposed on the triplet.

Other potential DM candidates in the minimal LR model
may involve the heavy right-handed neutrinos. However,
they are unlikely to be stable, as the right-handed neutrinos
participate in right-handed gauge interactions. Fur-
thermore, they can decay into Higgs bosons and light
leptons through Yukawa interactions. Thus in the minimal
LR model there is no suitable bosonic or fermionic DM
candidate. For having a realistic DM candidate, one needs
to consider extending the model with more particle con-
tents. The most economical solution could be adding one
or a few gauge-singlet scalars.

Another disadvantage of the minimal LR model is that
although P can be broken spontaneously, the CP symmetry
has to be broken explicitly, which looks quite unnatural.
The reason is that without large fine-tuning on the Higgs
potential, the condition for spontaneous CP violation
(SCPV) cannot be satisfied [1,6,7]. Furthermore, in the
minimal LR model with SCPV the predicted CP phase
angle sin28 ~ 0.1 in the unitarity triangle of the Cabibbo-
Kobayashi-Maskawa (CKM) matrix is far below the ex-
perimentally measured value of sin2f8 = 0.671 * 0.024
from the two B-factories [8]. The minimal LR model
also suffers from strong phenomenological constraints
from low energy flavor-changing-neutral-current (FCNC)
processes, especially the neutral kaon mixings which push
the masses of the right-handed gauge bosons and some
neutral Higgs bosons above the TeV scale [9-15].

Motivated by the requirement of both spontaneous P and
CP violation, we have recently discussed an extension of
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the minimal LR model with two Higgs bidoublets [16—18].
In this two-Higgs-bidoublet LR model (2HBLR), the addi-
tional Higgs bidoublet may modify the Higgs potential
such that the fine-tuning problem can be avoided. The
extra Higgs bidoublet can also change the interferences
among different contributions in the box-diagrams in the
neutral meson mixings, and lower the bounds for right-
handed gauge boson masses to be below the TeV scale
[16,17].

Note that the spontaneous P and CP violation in the LR
models can also be useful for DM model-building. Before
the SSB, the Lagrangian for the particle interactions pro-
hibits the P-odd and CP-odd interactions, which may
prevent the decays of the particles with odd CP parity.
These particles can remain stable even after the SSB,
provided that they do not develop VEVs and do not couple
to the symmetry breaking sector. The simplest case would
be that there is a gauge-singlet scalar field with odd CP
parity, and has a vanishing VEV.

In this work we discuss this possibility by considering an
extension of the 2HBLR with a gauge-singlet complex
field S which plays the role of DM candidate, and the
stability of DM is purely protected by the discrete P and
CP symmetries. This model distinguishes itself from the
previous gauge-singlet models (see, e.g. [19-26]) in that no
ad hoc discrete symmetry of Z, type is introduced. This
possibility has not been emphasized before in the literature,
simply because most of the popular models such as SM and
MSSM violate P and C maximally. This simple model
shows that the DM may be connected to the fundamental
symmetries of the quantum field theory. Recently, it is also
noticed that the custodial symmetry of the gauge interac-
tion can also be used to stabilize the DM candidate [27].
We calculate in this model the cross sections for the DM
annihilation and the elastic scattering with the nucleus. The
results show that for a large parameter space the DM relic
density can be reproduced. The correlation between the
DM annihilation and the elastic scattering off the nucleus
depends on the Higgs and Yukawa sector of the model, and
can be quite different from the ordinary gauge-singlet
model which, in some limits, has a simple one-to-one
correspondence. In general, the predictions for the direct

detection experiments can be significantly larger and can
|
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even reach the current experimental upper bound for large
Yukawa couplings.

This paper is organized as follows: In Sec. II, we outline
the main features of the model. In Sec. III, we discuss the
parameter space, and give the formulas for the main pro-
cesses relevant to the DM annihilation and the elastic
scattering off the nucleus in a simplified case where one
Higgs bidoublet decouples from the theory. The case in
which both Higgs bidoublets are active is discussed in
Sec. I'V. We finally conclude in Sec. V.

II. THE LR SYMMETRIC MODEL WITH A
GAUGE-SINGLET

We begin with a LR model in the gauge group SU(2); ®
SU(2)g ® U(1)p_; which contains two Higgs bidoublets
$(2,2%,0), x(2,2%0), a left (right)-handed Higgs triplet
Ay (3(1), 1(3), 2), and a gauge-singlet S(0, 0, 0) with the
following flavor contents

¢=<¢? ¢T) X=<X(1) XT)
by ) xs X3/ (1)
S x/N2 1%
AL’R - 0 + ’
BL,R _6L,R/\/§

S =S, +iSp)
= —F= l .
\/z [ D
The introduction of Higgs bidoublet y is to overcome the
problem of fine-tuning in generating the SCPV in the
minimal LR model and to relax the severe low energy
phenomenological constraints [16—18]. Under the P- and
CP-transformation, these fields transform as

P CP
¢ ¢t o
x Xt X 2)
Arwry Arawy AL
S S S*

We shall require P and CP invariance of the Lagrangian,
which strongly restricts the structure of the Higgs potential.
For instance, for the terms involving the ¢ and A, , fields
the most general potential is given by

~Vya = —u3Tr(ptd) — u3[Tr(dTd) + Tr(d )] — wd[Tr(ALA) + Tr(AgAD] + A [Tr(pT )P
+ BTG )P + [Tr( @D + M[Te(dT @) Tr( B 1] + A{Tr(pt ) Te(dT ) + Tr(d )]}
+ pA[Tr(ALAD P + [Tr(ARAD P} + pal Tr(AL A )Tr(AfA]) + Tr(AgAR)Tr(AFA )]
+ p3[Tr(AL ADTr(ARAD] + pa[Tr(AL A )Tr(ARAL) + TrAT AN Tr(ARAR)] + o) Tr(pT ) Tr(A, A])
+ Tr(ARAD] + @y TH{($1 p) + (BHDITHALAS) + (ARAD] + as[Tr(p A, A]) + Te(pT pARA)]
+ Bi[Tr(pArdTA]) + Tr(pt AL AR + Bl Tr(dARdTA]) + Tr(dT AL pAD)]

+ BalTr(pArdTA]) + Tr(pT A, FAD)],

3)
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where the coefficients w;, A;, p;, @;, and B; in the potential are all real as all the terms are self-Hermitian. The Higgs
potential VXA involving y field can be obtained by the replacement y < ¢ in Eq. (3). The mixing term V)mﬁ A can be
obtained by replacing one of ¢ by y in all the possible ways in Eq. (3).

In order to simplify the discussion, in this section we shall first consider a simple case in which the bidoublet y does not
mix significantly with other fields. In this case the model is reduced to the minimal LR model plus a gauge-singlet, which
already contains the main features of the complete model. We postpone the discussions on the y contributions into Sec. I'V.

The most general Higgs potential involving the singlet field S is given by

1
— Vg =—7=ad(S + 85 — @iss* -
N \/z/-"’o( ) Mg

s —

|
-

where

0, =Tr(pT¢),

0, =Ti(ptd + dtp) and 05 = Tr(A}tAL + A;EAR).

(&)

Note that it only involves combinations of (S + §*) and
SS*. The terms proportional to odd powers of (S — S*) are
absent in the singlet self-interactions as they are P-even but
C-odd. Furthermore, they cannot mix with the Higgs mul-

tiplets in O; because the three independent gauge-invariant
|

. 1 ) -
A2(S + %) + V2 55(S + §SS* + —= fia, (S + ) + Ag(55%)?
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- 1. 3 1 - 1.
Aps(S + 5%)288* — EAU(S + S*)* + Z[— — A (S + 8F) + A ¢SS — ZAI-,U(S + S*)Z]O,-, 4)
i=1

NG

|

combinations O;(i = 1, ...,3) in Eq. (5) are both P- and
C-even. Other possible Higgs multiplet combinations such
as Tr(¢pTd — dT¢) and Tr(AIAL - A;EAR) are P-odd,
thus cannot couple to S. The terms proportional to even
powers of (S — §*) can be rewritten in terms of (S + §*)?
and SS*. We have checked that the P- and
CP-transformation rules for S defined Eq. (2) are actually
the only possible way for the implementation of the DM
candidate. For future convenience, we rewrite VS in terms
of the component fields S, and Sp.

1

1 1 1 1 1
_VS = IU’SSO' - _M%_S%T - _/'LzDS%) + _/-L30'S13J' + MO’DSO'SZD + _/\O'S?T + _/\DS4D + _A'O'DS%'SZD

2 2 3 4 4 2
3
= A; Aip
+ )~ pioSy T 2782 + =2 52)04, 6
l_Z]( qu,(r o 2 [oa 2 D 2 ( )
with the redefined coefficients
Mo = la()’ M%T = ﬂ% + ﬂ%}" /"LZD = la%" M3g = la?so' + 31&0'5‘! MoDp = Ia‘(TS’ /\0' = XS - XO’S - XU”
- I ~ - - -
Ap = Ag, Aop = Ag — 5/\0& Mioc = Mio )\i,(r = /\i,s - )li,m )\i,D = /\i,s- (N

It follows from Eq. (6) that Sp can only be produced by
pairs, thus is a potential dark matter candidate. After the
SSB, the Higgs multiplets obtain nonzero VEVs

(@) =2 and (8)) =, ®)

where ky, K5, vy, and vy are in general complex, and k =
VI > + |k,|? = 246 GeV represents the electroweak
symmetry breaking (EWSB) scale. The value of vy sets
the scale of LR symmetry breaking, which is directly
linked to the right-handed gauge boson masses.

With the extra contributions from Vg to the whole
Higgs potential V = V¢>A + "V, one needs to redo the
minimization with respect to ¢ and A; z. However, from
Egs. (3) and (4) it follows that the minimization conditions
for ¢ and A, (g) remain to have the same form as that in the

|

minimal LR model. This is because the mixing introduced
by the singlet S only changes the overall coefficients w,
o and w3 of the ¢ and A, p potential term in Eq. (3).
Hence the mass matrix of the Higgs multiplet ¢» and A} ¢
remains the same as that in the minimal LR model in
Refs. [1,28], which also indicates that the additional po-
tential term Vg in Eq. (6) does not help in resolving the
fine-tuning problem. The fine-tuning can only be relaxed
by introducing another bidoublet ). From the minimiza-
tion condition for the singlet S,, one can eliminate one
parameter wu,,

w3 W
Lo
W= A = B0k v, = 3 (H0700) - ait00),

)]
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where v, = (S,) is the VEV of S,,. In order to ensure the
stability of the dark matter candidate Sp, we require that
Sp does not obtain a nonzero VEV, (Sp) = 0, namely CP
is not broken by the singlet fields. It follows that after the
SSB, although P and CP are both broken, there is a Z, type
of discrete symmetry on S, remaining in the gauge-singlet
sector. The discrete symmetry is induced from the original
CP symmetry.

In the limit that v; =~ 0 and k, < k|, which comes from
the phenomenology of neutrino masses and neutral meson
mixings, the mass eigenstates for the Higgs bidoublet and
triplets approximately coincide with the corresponding
flavor eigenstates. The mass terms for the Higgs bosons
and gauge bosons are listed in Table 1. There is only one
light SM-like Higgs h° from the real part of ¢?, the mass of
all the other scalars are set by vz which can be very heavy.

The mass terms for S, and S, are given by

- 1~ B B B
M%) = (A(r + _)‘O'S)U%' - (MU’S + M3o‘)v(r + M%’

2
&y, Ry
+=0 ~2(0;),
v(T U(T

~3 7
M%’ = 2A(,.U%. + (la3a' + 315"0'5)1}0' + @ + &<Oz>’

UO’ o

Mz'(b?' = K(_la’l,t)' + Al,O'UU'))
p = ZK(_ﬂZ,a + A2,Lrva')’

Miﬁ?{ = UR(_/:LS,(J' + )‘3,0'1)0')’ (10)

2 2
where M e and M e

M denote the mixing between

2
0.¢gr,
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singlet S, and the other three neutral Higgs bosons. From
the Lagrangian in Eq. (6) one can easily obtain the inter-
action terms among the scalars. Some of the relevant cubic
and quartic scalar interactions are listed in Table II.

III. DM IN THE LR SYMMETRIC MODEL

There are a number of free parameters in the model such
as the coefficients in the potentials and the VEV for S,,. As
shown in Eq. (10), the mass of Sp, is related to two energy
scales v, and vy since (O3) ~ v%. In the minimal LR
model with the spontaneous CP violation, the VEV vy of
the right-handed Higgs triplet Ay is subject to strong
constraints from the K, B meson mixings [8,9,11-15,29]
as well as low energy electroweak interactions [30-32].
The kaon mass difference and the indirect CP violation
quantity e€x set a bound for vy around 10 TeV [30,33,34].
For a successful cold DM candidate S, its mass should be
roughly between 10 GeV and a few TeV with annihilation
cross section of approximately weak strength. For simplic-
ity here we consider a case in which v, is heavy v, ~
vp ~ 10 TeV, and before the SSB the Lagrangian has an
approximate global U(1) symmetry on S, i.e. under § —
¢'®S, which suppresses some of the parameters, namely

Ros Ao iy < 1,
(11

which leads to a relatively light Sp, in comparison with vg,
as it is the would-be Goldstone boson in the limit of exact
global U(1) symmetry. For a light S, with M, <
O(1 TeV), without significant fine-tuning, one needs
f3../v, = 0.01 from Eq. (10). It follows from Eq. (11)

la 0 /10" laaS’ 1a'3a'> lai,o < Vo

TABLE 1. The mass spectrum for the Higgs and gauge bosons in the LR symmetric model in the limit v, = 0 and k; < «;. @Y and
@Y stand for real and imaginary component of ¢?. The gauge boson Z,(W,) corresponds to the Z(W) boson in the SM.

Particles Mass? Particles Mass?
ho = g9 m,210 =2\ k% Hi = ¢7 m%l% = Jasvj

0 — 40 2 1 2 s gt 2 2
Hi = ¢35 My = 3 A3VR Hiy= = 0 Migzs = 2p vy
A) = —¢Y miy =3k Hp =é; my = 3(p3 = 2p1)vi

0 — 50 2 2 s gt 27 1 2
Hy = 6% Mo = 2pvg Hi= =6} My = 3(p3 = 2p)vg

— - — S0 —1
HY = 68" m?,g =3(p3 — 2p)vi A) = &Y mf\g =3(p3 — 2p))vg
Z, my = mi, sec’fy Wi =Wy miyy, = g*k*/4
2,2 2
2 _ 8 vpcos’d Wt 2 52,2

2y mz, = C(I:SZ(;'W = Wy =W my, = & vz/2
TABLE II. The cubic and quartic scalar couplings between Higgs singlets and multiplets, where HH* stands for any states of

{h°n°, HOHO®, AYAY, H H{ } and AA* stands for any states of {HYH?, AYAY, H} H; , H} *H; ~, HYH, H; " H "}

Interaction Coupling Interaction Coupling Interaction Coupling Interaction Coupling
SpSpSsSs 2A4p SpSph? A pK SpSpSs 2(pop + AgpVy) SDSDHS A3 pUg
SDSDHH* AI,D Sa'Sa'hO M0 + AI,O'K HH*S(T M0 + /\l,a'va S(TSO'H(Z) A3,a'vR
SDSDI’lOH(l) 2)12‘1) SDSDH(I) 2/\2,DK hOH(l)SU. 2(_ILL2'0. + )\2)0.1)0.) S()'SU'SO' 6/\U'Uu'
SDSDAA* )\3,D SO-S”.H? 2(7/1,2‘0. + /\2,(,K) AA*S”. M3, + /\3)01)0- hOhOHg a1 Vp
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N N
Sp N 7 Sp N ¢
> W
Sp 7/ h ) Sp t
, Wi/Z, ,
FIG. 1. Feynman diagrams for two DM candidate S annihi-

lating into W, W,/Z,Z, and 7 final states.

that the coefficients for the quartic couplings and mixing
terms in the potential 'V are roughly at the same order of
magnitude

Ay = Ap = Ayp, Aig = Aip. (12)

One of the implications of this parameter region is that the
mixing between S, and the SM-like Higgs h° will be
small. This is because the mixing angle 6 is proportional to

K(_Ial,a + XI,O'UO') . @(i)
Uy

20,02 — 2A,K?
Thus the constraints from the precision electroweak data
from LEP experiments become weak. There are of course
other possible parameter regions. However, one will see in
the next section that the parameter space corresponding to
the approximate global U(1) symmetry leads to the correct
magnitude of the relic dark matter density.

tan26 = (13)

A. Annihilation cross section

The relic density of the gauge-singlet DM S, can be
calculated from the annihilation cross sections which de-
pend largely on mass spectrum of the particles in the
model, especially the mass of the DM candidate. Sp can
be very light. For 3 GeV = mp = 8 GeV which is consis-
tent with the recent DAMA results [35]. Sp pairs can only

J

)\?D
(4E E20"U W, W, =

)

(1
(4E\Eyov)z,7, = (
D

A%

(4E\E;ov),

and that for Fig. 2 is

PHYSICAL REVIEW D 79, 055015 (2009)

annihilate to light fermion pairs through intermediate SM-
like Higgs boson h°. In this case, there is one-to-one
correspondence between the DM relic density and the
WIMP-nucleon elastic scattering cross section. The ratio
between the two only depends on the mass of DM [22,36].
In order to satisfy both the DM relic density 0.105 =
Qpph? = 0.117 [37] and the WIMP-nucleon elastic scat-
tering cross section in the range 3 X 1074 ¢cm? < ¢! <
5 X 107% cm? reported by DAMA [35], a large h°S),S),
coupling is inevitable, which may cause the invisible decay
of h° produced at LHC [36].

Here we consider a different parameter rang in which Sp,
is heavier than the SM-like Higgs and in a mass range
200 = mp = 500 GeV which can be covered by the
CDMS and other experiments. Since we assume v, ~
vp ~ 10 TeV, most of the scalars are heavy except for
the SM-like one. In this case, the possible annihilation
products are h°h°, W,W,/Z,Z,, and fermion pairs ¢g, as
shown in Figs. 1 and 2. The ¢4 final states are dominated
by the heavy 7- quarks since the Yukawa coupling is the
largest. For W, W,/Z,Z, finale states the only possible
intermediate state is 1°. For ¢ final states, the intermedi-
ate particles can be h° and HY. But HY contribution is
negligible as myo > myo. Since HY; have nonzero B —

L charge they can only couple to Majorana neutrinos. For a
high vy around a few TeV, the right-handed neutrinos are
also heavy, which cannot appear in the final states. Thus in
our model the dominant annihilation processes in Fig. 1 are
the same as in the minimal extension of SM with a gauge-
singlet [22,26]. For h°40 final states, the s-channel involves
h°, HY, and S,, while the -channel involves h° only.

The relevant annihilation cross sections for Fig. 1 are
given by

2 4

m m Am3, \1/2
) (1—4—W'+12—V2V'><1— W’) :
N N N

m2 m 4m% \1/2
—4—2 4 12—5‘)(1 - —Zl) , (14)
N N N

_3 m(l 4m,)3/2(1_m_§0)—2
47 s s s ’

N s
N an
S L
~ ~ N , S
Sp N o R Sp o\ e I
~a” S
PN »— WO S & D/‘\
2 N R0 / ) 7 \
Sp ~ N Sp / \ho SD/ N ho
v/ N

FIG. 2. Feynman diagrams for two DM candidate S, annihilating into two SM-like Higgs bosons.
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A2 4m2\1/2 s — 4m? 2 A 2 2 2
(4E| Eyorv) o0 = 2 (1 - h°) X [( w_ Bo_2%p_ TR ) + 4 s

167 s s—my, s—mg ALp 8 = My, s = 2my, — 2my,

2
s — 4m?, m> a A v Kt 4rt
X w_ Mo _ 1 Asp Uk )Y(g) % ( + Y(§))]
(s —mi, s—my  Ap S— ng YO\ (m3, — m2)? (s —2m?, — 2mp)>
(15)
where s is the squared center-of-mass energy. E; and (n + 1)x}+1
E, are the energies of the incidental particles. The quantity Qpyh* = 1.07 X 10 TN GeV~! a7
Y is defined as Y(&) = arctanh(§)/é with &= 8« Mp10o
(s — 4mflo)(s —4m2)/(s — ZmiO — 2m3). For the cross  with

section (4E\Eyov),00 in Eq. (15), the HIR®A® scalar
coupling ay vy has been used [5].

B. Constraints from the DM relic density

The thermal-average of the annihilation cross section
times the relative velocity (ov) is a key quantity in the
determination of the cosmic relic abundance of Sp. For
nonrelativistic gases, (ov) can be expanded in powers of
relative velocity and x~! (x = m,/T). To the first order
(ov) = gox™", where n = 0(1) for s(p)-wave annihilation
process [38]. The general formula for (ov) is given by [39]

(ov) = opx™"

1
-2
where w = E|E,o0v, and the prime denotes the derivative
with respect to s/4m3?. w and its derivative are all to be

mp
evaluated at s/4m? = 1. The final DM density Qpyh? is
given by [38]

3
= w—=Qw—o)x7 1+ ...

2 (16)

’

i|s/4m%)—l
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FIG. 3 (color online).

x; = In[0.038(n + 1)(gp/ gt YMpmpoo] — (n + 1/2)
X In{In[0.038(n + 1)(gp/gtIMpmpoglh,  (18)

where Mp, = 1.22 X 10" GeV and g,, = 1 is the internal
degree of freedom of Sp. g, is the total number of effec-
tively relativistic degrees of freedom at the time of freeze-
out. For particles playing the role of cold DM, the relevant
freeze-out temperature is x; = mp / Ty ~25. Since we
consider the range 200 GeV = mp = 500 GeV in our
analysis, we obtain g, = 345/4.
The total annihilation cross section w is

w = (E\Eyov)0,0 + (E Eyov)y,w, + (E1Ey0v)z,7,

+ (ElEza'v),[. (19)

From Eq. (15) there are seven unknown parameters enter

the expression of total annihilation cross section, namely,
2 2 . .

My, Mp, Ajp, A1A3p, Mg, mHg, and vy. But w is highly

insensitive to m, and m7, when s, and H) masses are
2

0.5

m, (GeV)

I 500

0.4

0.3 450

400

0.2
350

0.1 300
i 250

0.0

200

-0.1
-0.2
-0.3

0.4

L
-0.15

-0.10

L
-0.05

1
0.00

21,D

1
0.05

L
0.10

0.15

-0.5 L
-0.20

0.20

The allowed region of A, p and Ay for different mp from DM relic density. The left panel corresponds to the

annihilation involving only one Higgs bidoublet. The right panel corresponds to the annihilation involving two Higgs bidoublet. See

the text for detailed explanation.
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around v. Furthermore, the mass of H can be related to
vg through m?, = 2p, v} as it is shown in Table 1. Thus
2

only four parameters

myo, mp, Ay p and  Ag = a1A3p/(2py)

are relevant to our numerical analysis. In numerical calcu-
lations, we fix the mass of the SM-like Higgs to m,0 =
120 GeV, and perform a numerical scan over the parame-
ters Az and Ay, for the mass range 200 GeV = mp =
500 GeV. The allowed parameter space is shown in Fig. 3
(left panel), which gives an allowed range

~018< 21,5, =0.18 and —048=< Az =047

The central region of this figure is excluded since these
points cannot provide large enough annihilation cross sec-
tion to give the desired relic abundance. For such a mass
range of S, without significant fine-tuning, one needs A <
0.01 and @/v, < 0.01 from Eq. (10), where A and j
denote the corresponding parameters in Eq. (11). Since
the approximate global symmetry U(1) requires A <
Ay p, the region near A , = 0 in Fig. 3 is disfavored.

C. Predictions for the DM direct detection experiments

The current DM direct detection experiments, such as
the CDMS [40] and XENON [41], have imposed strong
constraints on the WIMP-nucleus elastic scattering cross
section for a wide range of DM mass. In our model, the DM
candidate S, interacts with nucleus N through Yukawa
couplings interactions. For scalar interactions, the spin-

10“‘25.,.,.,.,.,

200 250 300 350 400 450 500
m, (GeV)

FIG. 4 (color online).
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independent elastic scattering cross section on a nucleus
N is given by [42,43]

AM?(N)
T[pr + (A= 2)f,] (20)
where M(IN') = mpM 5 /(mp + M) and My is the
target nucleus mass. Z and A — Z are the numbers of
protons and neutrons in the nucleus. f,, is the coupling
between WIMP and protons or neutrons, given by

}E .fU)M

q=u,d,s

TN =

Mp,n ) Mp,n

m, Tt 2 Y

where %) =0.020 = 0.004, £} =0.026 + 0.005,
) =0.118 £ 0.062, 7 =0.014+0003, [ =

0.036 = 0.008, and % = 0.118 + 0.062 [44]. The cou-

pling f74 1) petween WIMP and gluons from heavy quark

loops is obtained from

e =1= 3 e, (22)

q=u,d,s

Traditionally, the results of WIMP-nucleus elastic scatter-
ing experiments are presented in the form of a normalized

WIMP-nucleon scattering cross section o' in the spin-
independent case, which is straightforward
1 M?
St — (r) (23)

oy =

n RN
where M(n) = mpM, /(mp + M,) is the reduced mass of
the nucleon, and M, = m,, denotes the nucleon mass.

10"‘25.,.,.,.,.,

200 250 300 350 400 450 500
m, (GeV)

Predicted region of the spin-independent WIMP-nucleon elastic scattering cross section ¢3! as functions of n1,,

and A; p. The dashed line and solid line denote the present experimental upper bounds from the XENON and CDMS, respectively. The
dotted line indicates the sensitivity of the future SuperCDMS [45]. The left panel corresponds to the annihilation involving only one

Higss bidoublet. The right panel corresponds to the annihilation involving two Higgs bidoublet with the assumption of y;

See the text for detailed explanation.

M~y ~

yg* = yh
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Because of f,, = f, in our model

2

o5 =i gz 24
T

The present bounds on the WIMP-nucleon elastic scatter-
ing cross section are o, " =8 X 107* cm?-2 X
100 cm? from the CDMS [40] and o3® =2 X
107* cm2-4.3 X 107* cm? for from the XENON [41]
for the DM mass range 200-500 GeV.

The DM candidate S, interacts with nucleus N through
their couplings with quarks by exchanging Higgs bosons
h° and HY. Because HY is much heavier than h°, the main
contribution comes from the h°-exchange only. In this
case, the WIMP-quark coupling a, in Eq. (21) is given by

0 = /\1,D)’ZK
1 ZﬁmDmio

where y’; (g = u,d, s, c, b, t) denotes the Yukawa coupling
of the SM-like Higgs to the quarks with y/x/v/2 = m,.
Using the allowed ranges for A; , we make predictions for
the spin-independent WIMP-nucleon elastic scattering
cross section o3, The numerical results are shown in
Fig. 4 (left panel). One finds o5 <7 X 107 cm? for
200 GeV = mp = 500 GeV, which is far below the cur-
rent experimental upper bounds. Nevertheless the future
SuperCDMS (Phase A) experiment [45] is able to cover
part of the allowed parameter space, especially in the small
mp region.

(25)

IV. CONTRIBUTIONS FROM THE OTHER HIGGS
BIDOUBLET

In this section, we generalize the previous discussions to
the case in which the other bidoublet y mixes significantly
with ¢ and A; ;. In this case the SCPV can be easily
realized [16-18]. Comparing with the previous case, the
main differences are that there could be more scalar parti-
cles entering the DM annihilation and scattering processes.
Furthermore, the new contributions from these particles
may modify the correlation between the DM annihilation
and WIMP-nucleus elastic scattering cross sections, which
leads to significantly different predictions from the other
gauge-singlet scalar DM models and the previous
discussions.

As shown in Eq. (1), the second Higgs bidoublet y
contains two neutral Higgs particles /\/‘1’,2. After the SSB,
X, may obtain VEVs w »/ \/2. The squared sum of all the
VEVs including «;, should still lead to v = (|«x|* +
|k |% + [wy|? + [wy|?)!/2 = 246 GeV. In the physical ba-
sis, some of the Higgs bosons from y could be light around
electroweak scale. The number of the light Higgs depends
on the Higgs potential. In most cases, there are two more
light neutral Higgs ”’7(1),2 and one pair of light charged Higgs
1™ [18]. This feature can be easily understood in the limit

PHYSICAL REVIEW D 79, 055015 (2009)

Ky ~ wy ~ 0. In this case, one can determine 4%, 59, and
1) from ¢9 and x?, and n. from the mixing of ¢; and
X7 - The number of kinematically allowed DM annihilation
processes depends on the masses of the relevant particles.
Here we consider a case in which S, is heavier than all the
light scalars and the SM-like 4° remains the lightest scalar,

Le.myo = myo , My = mp. The quartic interaction and

the s-channel annihilation in Fig. 2 now have seven pos-
sible final states. They are combinations of any two of the
three neutral states (h°, Y, 19) and charged final states
1n* n~. Note that each s-channel diagram in Fig. 2 may
have h°, 7Y, and 19 as intermediate states besides S, and
HY. The t-channel diagram has six possible final states, due
to the absence of the cubic scalar vertexes SpSpn™.

The cubic coupling SpSp 77(1”2 although can be different
from that for S;,Sph° may not modify the correlation
between the DM annihilation and WIMP-nucleon elastic
scattering cross sections in a significant way. As it is
pointed out in Ref. [36], the ratio R = (ov)/o3! is highly
insensitive to these couplings because they cancel out
largely. R is only sensitive to the mass of DM candidate
and the Yukawa couplings. In the minimal scalar DM
model the Yukawa couplings are the same as that in the
SM. It is shown that the value R scales as m% [27]. For
small mp, around a few GeV, the value of R is in agreement
with the DAMA results. A large m, around a few hundred
GeV corresponds to a large R, which indicates that the
WIMP-nucleon elastic scattering cross section may be far
below the current direct detection bounds.

In 2HBLR the Yukawa couplings can be significantly
different from those in the SM and the minimal LR model.
Similar to the general two-Higgs-doublet model [46-53]
the Yukawa couplings are not simply determined by the
quark masses. This is because with the introduction of the
additional bidoublet, the fermion mass matrices and
Yukawa matrices are not proportional to each other. In
general the Yukawa couplings can be parametrized as y, =
\/Ef My /v, the factor & 4 depends on fermion flavor ¢ and
can be different from unity. For the DM annihilation pro-
cesses, the heavy quark contribution dominates, while for
WIMP-nucleon scattering processes the light quarks are
more important as the quark mass dependence are reduced
in Eq. (21). For a large ¢, for light quark sector it is
possible that the prediction for WIMP-nucleon elastic
scattering cross section can be enhanced and the cross
section for DM annihilation still coincides with the ob-
served DM relic density.

For a concrete numerical illustration, we choose all the
masses /0, Mo, My: at 180 GeV and keep myo =
120 GeV. For cubic and quartic scalar couplings, we as-
sume they are the same as that for the SM-like Higgs.
Namely, the couplings of SpSp7, and SpSpnY 77, are
set equal to A;pv and A, p, respectively. Similarly, the
cubic scalar couplings among the light Higgs particles h°,
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10“”5.,.,.,.,.I

(cm?)

S/
n

o

200 250 300 350 400 450 500

m, (GeV)
FIG. 5 (color online). Predicted region of the spin-independent
WIMP-nucleon elastic scattering cross section oy as functions
of mp and Ay p in two Higgs bidoublet model with the assump-

tion of yg' = yg* = 10y’ for three light quarks.

77(1)’2, and ™ are set equal to 3mio /v. For a comparison we
consider two sets of Yukawa couplings:

(i) All the couplings y", yJ', yg* for h°¢q, 1994, 1344,
respectively are nearly the same:

q' = ¥{ =g (26)

with yg = \/_Z_mq /v. In this case the annihilation
cross section can be obtained simply by counting
the number of new channels. In Fig. 3 (right panel),
we give the constraints on A, p, Ag for different m.
It is clear that there is a stronger constraint on the
allowed parameter space, due to the increased num-
ber of intermediate and final states. For the WIMP-
nucleon elastic scattering process, the WIMP-quark
coupling a, in Eq. (25) is given by

A h M 2
a, = k¥ (yg + 2442 ) 27)
2v2my, Mo Mo Mo

Using the allowed A, and mp from Fig. 3, we
calculate the spin-independent WIMP-nucleon elas-
tic scattering cross section o3'. The numerical results
are shown in Fig. 4 (right panel). We find that the o'
is enlarged roughly by a factor of 3, which is how-
ever still below the current experiment upper bounds.

PHYSICAL REVIEW D 79, 055015 (2009)

(i) The Yukawa couplings for y;' and y;* are signifi-

cantly larger in the light quark sector (for ¢ = u, d,
5)

m ~

yq' = yq* = 10y". (28)

Since the annihilation process SpSp — ¢g is domi-
nated by heavy f¢-quarks, the enhanced Yukawa
couplings y;' and y;* do not affect the total anni-
hilation cross section. Thus the DM relic density
remains unchanged. However, the predicted WIMP-
nucleon scattering cross section o3 will be en-
hanced. The corresponding results have been shown
in Fig. 5. We find that in this case oy is enhanced by
an order of magnitude compared with the one-Higgs
bidoublet case. The future DM direct detection ex-
periment SuperCDMS can cover most of the al-
lowed parameter space.

V. CONCLUSIONS

In summary, we have discussed the possibility that the
stability of DM can be protected by the fundamental
symmetries P and CP of quantum field theory. It can be
realized in the framework of a generalized LR symmetric
model which allows SCPV. The DM candidate in our
model is a gauge-singlet which transforms under CP as
an ordinary complex scalar. In this model no extra discrete
symmetry is required. We have scanned the parameter
space allowed by the relic DM density and made predic-
tions for direct detection experiments. We found that the
model was in agreement with the current measurement in a
large parameter space. Based on the constrained parameter
space, we have made predictions for the WIMP-nucleon
spin-independent cross sections, and further studied the
correlations with the DM annihilation. We have found
that in this model the correlation could be significantly
different from other gauge-singlet DM models. The DM-
nucleon elastic scattering cross section could reach the
current experimental upper bound for large Yukawa cou-
plings for light quarks, which could be tested by future
experiments.
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