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Dark matter constraints on the left-right symmetric model with Z, symmetry
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In the framework of the left-right symmetric model, we investigate an interesting scenario, in which the
so-called vacuum expectation value (VEV)-seesaw problem can be naturally solved with Z, symmetry. In
such a scenario, we find a pair of stable weakly interacting massive particles (WIMPs), which may be the
cold dark matter candidates. However, the WIMP-nucleon cross section is 3—5 orders of magnitude above
the present upper bounds from the direct dark matter detection experiments for m ~ 10>-10* GeV. As a
result, the relic number density of two stable particles has to be strongly suppressed to a very small level.
Nevertheless, our analysis shows that this scenario cannot provide very large annihilation cross sections so
as to give the desired relic abundance except for the resonance case. Only for the case if the rotation curves
of disk galaxies are explained by the modified Newtonian dynamics (MOND), the stable WIMPs could be

as the candidates of cold dark matter.
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L. INTRODUCTION

The left-right (LR) symmetric model [1], based on the
gauge group SU(2); X SU(2)r X U(1)g_;, is an attractive
extension of the standard model (SM). The symmetry
requires the introduction of right-handed partners for the
observed gauge bosons and neutrinos, and a Higgs sector
containing one bidoublet ¢ (2, 2, 0), one left-handed triplet
A; (3, 1, 2), and one right-handed triplet A, (1,3,2). In
such a minimal LR symmetric model, parity is an exact
symmetry of the theory at the high energy scale and is
broken spontaneously at the low energy scale due to the
asymmetric vacuum. Also CP asymmetry can be realized
as a consequence of spontaneous symmetry breaking,
namely, the spontaneous CP violation (SCPV) [2].
However, such a scenario suffers from nontrivial con-
straints from the vacuum minimization conditions. It is
explicitly demonstrated that the SCPV is not so easily
realized if all the parameters in the Higgs potential are
real and endowed with natural values [3-5]. The difficulty
results from the facts that one of the neutral Higgs bosons
carries a dangerous tree level flavor-changing neutral cur-
rents (FCNC) effect, and that quark flavor mixing angles
and the CP violating phase are all calculable quantities due
to the LR symmetry. Therefore, many generalized CP
violation scenarios beyond the SCPV case have been
analyzed extensively [6—11]. In this literature, the masses
of the right-handed gauge boson W, and the FCNC Higgs
boson are strongly constrained from low energy phenome-
nology. Although the Cabibbo-Kobayashi-Maskawa
(CKM) matrix are more general not to be fully fixed than
the SCPV case, it is proved that there is only one physical
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complex phase in the Yukawa couplings [12]. Hence the
FCNC Higgs boson’s couplings cannot be absolutely free.
The FCNC Higgs boson’s mass still accepts a strict bound.
In terms of these observations, a generalized two Higgs
bidoublet model is proposed [13]. In this model, quark
mass matrices become far more flexible and the FCNC
Higgs boson’s Yukawa couplings are now free parameters.
Thereby the low energy bound on the right-handed scale is
largely alleviated. As other generalized models, the two
Higgs bidoublet version of the LR model also has the
advantage to realize the SCPV without the fine-tuning
problem.

The LR symmetric model is also motivated to explain
the very tiny neutrino masses. When the vacuum expecta-
tion value (VEV) vy of the neutral component of Ay is
very huge, typically of order 10'? GeV, the well-known
seesaw mechanism provides a very natural explanation of
the smallness of neutrino masses [14]. However, the right-
handed gauge bosons Z, and W, are too heavy to be
detected at the Large Hadron Collider (LHC) and the future
colliders. To allow for the possibility of an observable
right-handed scale, many authors focus on the vz ~
10 TeV case. Although the seesaw mechanism can work
well, we have to face the so-called VEV-seesaw puzzle.
Namely, B/p is of order 107!° rather than the anticipant
O(1), where p and B are located in the Higgs potential.
One may introduce a discrete Z, symmetry A; — —A;
and Ay — Ay to resolve this VEV-seesaw problem [4]. It
is worthwhile to stress that neutrinos are the Dirac particles
in this scenario. If we preserve the Majorana Yukawa
couplings, the corresponding model must lie beyond the
LR symmetric model.

The Z, symmetry leads to the absence of both B-type
terms and the Majorana Yukawa couplings, hence v; = 0
due to the minimization conditions. Furthermore, we find
that the neutral Higgs bosons 89 and 8 are a pair of stable
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weakly interacting massive particles (WIMPs). This is an
important feature of our scenario which has not been
indicated before. It is a natural idea that 89 and 6%* may
be the cold dark matter candidates [15]. We first calculate
the WIMP-nucleon elastic scattering cross section which
has been strongly constrained by the direct dark matter
detection experiments, such as the CDMS [16] and
XENON [17]. However, our result is 3-5 orders of magni-
tude above the present bounds for m ~ 10°-10* GeV
[16,17]. To avoid this puzzle, 89 and 89* cannot dominate
all the dark matter. We find that our scenario is consistent
with the direct dark matter detection experiments only
when g = 4.8 X 1074, where ny is the total relic num-

ber density of 6 and 8%*. This bound requires that the dark
matter annihilation cross sections must be very large. In
this work, we examine whether our scenario can provide
very large annihilation cross sections so as to derive the
desired relic abundance.

In this paper we try to give a comprehensive analysis on
these LR models with general parameter setting. First, we
perform a detailed investigation on the simplest LR model
with one Higgs bidoublet, in which there are not any CP
violation phases. Then we generalize the simplest LR
model to some other more complicated situations. It turns
out that there is no significant differences among these one
Higgs bidoublet versions of the LR model because the
gauge and Higgs sectors are basically the same. Whereas
in the two Higgs bidoublet case, there would be more
Higgs bosons and the Yukawa couplings might be quite
different. Hence more delicate analysis is needed. The
remaining part of this paper is organized as follows. In
Sec. II, we briefly describe the main features of the LR

symmetric model and discuss the VEV-seesaw problem. In
|
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Secs. III and IV the direct dark matter detection experi-
ments put very strong constraints on the relic number
density and the annihilation cross sections. In Sec. V, we
analyze whether the simplest LR model can be consistent
with the above constraints or not. Then we generalize the
simplest LR model to the two Higgs bidoublets case in
Sec. VI. The summary and comments are given in Sec. VII.

II. THE LR SYMMETRIC MODEL WITH Z,
SYMMETRY

The minimal LR symmetric model consists of one Higgs
bidoublet ¢ (2, 2, 0), one left-handed Higgs triplet A; (3,
1,2), and one right-handed Higgs triplet A, (1, 3, 2), which
can be written as

K AY _ 81 r/N2 SLk
¢ - _ 0 ) AL,’R - .
b, &3 5(L),R _SZR/\/E

ey

After the spontaneous symmetry breaking, the Higgs mul-
tiplets can have the following vacuum expectation values:

C(k/N2 0 _ 0 0
<¢>—< 0 Kz/\/i)’ (Apr) (vL,R/\/i 0>,

(2)

where ki, K, v, and vy are in general complex. Without
loss of generality, one can choose k; and vy to be real,
while assigning complex phases 6, and 6; for k, and v,
respectively. Following the requirements of the LR sym-
metry, we can write down the most general form of the
Higgs potential [4]

V=—u}(Tptp)) — u3(Tildpt] + Trld! ¢ — w3 (Tr[A AS]+ T ARALD + A, (T g 1])?) + M (T 1])?
+ (T[T )2 + M(TH S T T P + AT pd (Te{ ] + Te{ b p]) + pi (T AL A]])?
+ (T{ARARD?) + po(TH{A A ITHAT AT + T AR ARITHAFARD + p3(Te[ A, AJITH[A A LD)
+ py(Tr AL A T ARART + TI[AT A TT AR ARD + o (T @ pTITIA L AT] + Ti{AgALD)
+ ay(Tp T ARAL] + Ti{pT I AL AT + a5(Tr ¢t GITHARAL] + T T ¢ ITe[A, A]])
+ oy (T pp AL AT+ T T pARALD + Bi(T AR TATT+ T{pT AL pAL]) + Bo(Tr AR D TA]]
+ T @A, pAL]) + B3 (T pArSTATT+ Te{pT A, SALD, 3)

where ¢ = 7,¢*7, and all parameters u;, A;, p;, «;, and
B; are real. Only @, can be complex. The phases of «, and
v; may lead to the SCPV [2]. It has been shown that the
combing constraints from the K and B system actually
exclude the minimal LR symmetric model with the
SCPYV in the decoupling limit [9]. For our present purpose,
we investigate here the simplest LR model, in which a,,
Ky, v, and the Yukawa couplings are real. It is worthwhile
to stress that our remaining analysis can be generalized to
the other CP violation scenarios [6—11].

I
In the minimal LR symmetric model, the Lagrangian

relevant for the neutrino masses reads [4]:

— L=Y,§ dyr + Y, dg + Yy (sims ALy
+ ‘Z;‘QiTZAR‘ﬂR) + H.C., (4)

where ¢ = (v g, I ). After the spontaneous symme-
try breaking, one may obtain the effective (light and left-
handed) neutrino mass matrix m, via the type Il seesaw
mechanism:
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where k= /|k;|?> + |k,|> = 246 GeV represents the
electroweak symmetry breaking (EWSB) scale and Y, =

(Y,k, + Y,k,)/(~2k). The charged lepton mass matrix is
given by m; = (Y, k, + ¥,k;)/~/2. The electroweak pre-
cision test requires v; << k. Barring extreme fine-tuning,
the neutrino masses m, ~ 0.1 eV [18] force v; to be of
order a few eV or less, thereby requiring vz ~ 102 GeV
for Y, ~ Yy ~ m;/ k. In this case, the right-handed gauge
bosons Z, and W, are too heavy to be detected at the LHC
and the future colliders. To allow for the possibility of an
observable right-handed scale, many authors focus on the
vg ~ 10 TeV case. Although the seesaw mechanism can
work well, we need to resolve the so-called VEV-seesaw
puzzle [4], which is indicated by a simple vacuum mini-
mization equation:

(2p1 — p3)vLvg = BiKiKky + Boki + B3k3.  (6)

Without loss of generality, one can write Eq. (6) in a
compact form:
B _vivg

’)/E;_ K2 . (7)

In view of the naturalness, one expects 7y~ O(1).
However, we find that y~ 10710 as long as vy ~
10 TeV. This is the infamous VEV-seesaw problem in
the literature [4]. The neutrino mass matrix m, in Eq. (5)
can also be written as

2\ 2
my = VH(Yuy = 52) ®)
m/ VR

It is shown that the VEV-seesaw relationship implies the
unnaturalness for the auxiliary parameter 7 if one wants to
search for new physics at the TeV scale. To avoid the VEV-
seesaw puzzle, a smart way is to introduce some new
symmetries to eliminate all B-type terms of the Higgs
potential. However this is not an easy task in the current
model. One may guess there exists some additional global

TABLE 1.
have neglected the terms in order of ,/x; and k*/v%.
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symmetries like U(1) acting on the Higgs fields which can
eliminate all B-type terms [4]. However, such an alterna-
tive always affects the fermion sector and fails to give
correct fermion masses and mixing. If there is an approxi-
mate U(1) horizontal symmetry to suppress B3; without
eliminating them completely, then one may solve the
VEV-seesaw problem [10,19]. Unfortunately, this model
yields a small mixing angle within the first two lepton
generations. In Ref. [4], the authors suggest a Z, symmetry

Ap— -4 Ap — A, )]
which can eliminate all SB-type terms of the Higgs poten-
tial. However, this discrete symmetry also eliminates the
Majorana Yukawa couplings, which implies that neutrinos
are Dirac particles. At this moment, Eq. (6) becomes

(2py = p3)v, = 0. (10)

One may immediately dismiss the possibility 2p; — p3 =
0, which implies two massless left-handed Higgs triplet
bosons. Thus the only left choice is v; = 0. The Z,
symmetry leads to v; =0 and the absence of both
B-type terms and Majorana Yukawa couplings.
Furthermore, we find that the lightest particles among the
members of the left-handed Higgs triplet A;, namely 89
and 82*, are two degenerate and stable particles. A natural
idea is that 69 and &Y may be the cold dark matter
candidates. In the following sections we shall discuss the
possibility of 8% and 8%* being the cold dark matter can-
didates by evaluating all relevant annihilation processes.
The main features of the LR symmetric model with Z,
symmetry have been shown in Ref. [20]. Here, we show the
mass spectrum for the Higgs bosons and gauged bosons at
leading order in Table I, with approximations «?/v% =0
and k,/x; = 0 mentioned in the appendix. Gauge bosons
Z, and Z, are defined by Z; = cyWs; — sytwWip —
JewtwB and Z, = /ooy secy Wik — ty B, where the sub-
script W denotes the Weinberg angle 0y,. In addition, all
the trilinear and quartic scalar interactions and scalar-
gauge interactions are listed in the appendix for
convenience.

The mass spectrum for the Higgs bosons and the gauged bosons in the LR symmetric model with Z, symmetry. Here, we

Particles Mass? Particles Mass?
0 _— 40 2 _ 2 £ _ g+ 2 1 2 41,2
h = ¢y My = 2A1K Hy = ¢, mH]t_ja3(UR +3K%)
H) = ¢ mil? = %aw,ze + 26220, + A3) ox~ mlzs,gi =2p,v% + %ay(z
0 _ 0i 2 1 2 2 + 2 1 2 41 2
Al = _¢2l mA? —§a3vR—2K (2)12_)[3) 6L msf —§(p3—2pl)vR +ZC¥3K
0 — S50 2 2 ++ 20 _ 2 2
Hy = &y My = 2PV s Mes = 3(p3 = 2p vy + azk
89, 89 m? =1(p; — 2p,)v%
L» OL 5\P3 P1)VR
2 g £ _ 4 2 _ gk
Zi mz, 4c0s%6y, Wl WL My, 1
2.2 2 22
2 _ 8§ vpcos by + _ 2 _ 8
Z mz, 020, Wy = Wg My, 5
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ITI. THE DIRECT DARK MATTER DETECTION

The current direct dark matter detection experiments,
such as the CDMS [16] and XENON [17], have provided
very strong constraints on the WIMP-nucleus elastic cross
section. The rate for direct detection of dark matter candi-
dates is given by [15]

R~ ZN,-%«;W), (11)

where N; is the number of nuclei with species i in the
detector, pj,.q 1S the local energy density of dark matter,
and m is the mass of cold dark matter. o;» is the WIMP-
nucleus elastic cross section, and the angular brackets
denote an average over the relative WIMP velocity with
respect to the detector. Using the standard assumptions of
Piocal and distribution of the relative WIMP velocity [21],
one can derive the constrains on the WIMP-nucleon cross
section oo? = 4.6 X 107* cm? for m = 60 GeV from
the CDMS [16]; 03,° =88 X 107* cm? for m =
100 GeV from the XENON [17]. Since the WIMP flux
decreases « 1/m, o, F o« m is a very good assumption for
m > 100 GeV.

In our scenario, the dark matter candidates 89 and 6%*
interact with nucleus N through their couplings with
quarks by exchanging the neutral gauge bosons Z;, Z,,
and Higgs bosons. We find that the main contribution
comes from the Z; exchanging process, which produces
a spin-independent elastic cross section on a nucleus N
[22]

oy [(A—2Z) — (1 — 4sin0,)Z (12)

_2GEM*(N)

T
where Z and A — Z are the numbers of protons and neu-
trons in the nucleus, respectively. G is the Fermi coupling
constant and M(IN') = mM »-/(m + M 5/) is the reduced
WIMP mass. Traditionally, the results of WIMP-nucleus
elastic experiments are presented in the form of a normal-
ized WIMP-nucleon cross section o, in the spin-
independent case, which is straightforward

_ 1 M)
A2 AN TV

where M(n) = mM,/(m + M,) and M, denotes the nu-
cleon mass. When m > M,,, one may arrive at o, = 8.2 X
1073% cm? for the CDMS experiment, which is 3—5 orders
of magnitude above the present bounds for m ~
102-10* GeV [17]. Therefore, such dark matter candidates
are excluded by the current direct detection experiments.
If 89 and 6% have a nonzero splitting, one can avoid the
above bounds since the Z; exchanging process is forbidden
kinematically [23]. However, such degeneracy cannot be
satisfied in our model. If the energy density of 89 and §%*
in the solar system is far less than py,.,, we can avoid the
above experimental limits as shown in Eq. (11). This
means that 89 and 6% are only a very small part of the

(13)

Oy
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total dark matter. We find that our model is consistent with
the direct detection experiments only when

ngy = 48X 10714, (14)

where 75 is the total relic number density of 87 and &7".

Here we have taken the approximation o, " « m (when
m = 100 GeV) and used o5 F =34 X107 cm? (m =
1 TeV) as the input parameter [16]. It is worthwhile to
stress that the bound in Eq. (14) is not valid for m <
100 GeV.

The present experimental bounds are based on the stan-
dard assumptions for the galactic halo [21]. It needs to be
mentioned that the rotation curves of disk galaxies may
also be explained by the modified Newtonian dynamics
(MOND) [24]. On one hand, we use the MOND to account
for the rotation curve of the Milky Way; on the other hand,
we still believe that the cold dark matter exists in the
Universe. In this case, the local energy density of cold
dark matter may be far less than the standard assumption.
Therefore, we may give up the above constraints from the
direct dark matter detection experiments. Subsequently,
the stable particles 89 and 89* may be the cold dark matter.

IV. CONSTRAINTS ON THE ANNIHILATION
CROSS SECTION

The thermal average of the annihilation cross section
times the “‘relative velocity” {(ov) is a key quantity in the
determination of the cosmic relic abundances of &9 and
8%, The constraint in Eq. (14) implies (ov) must be very
large in our scenario. In this section, we analyze whether
the present model can satisfy Eq. (14).

In our scenario, 8% (i =1,...,6 for 8%, 8%, 87, and
87 7) are a set of similar particles whose masses may be
nearly degenerate. The total relic density of the lightest
particles 69 and 8%* is determined not only by their anni-
hilation cross sections, but also by the annihilation of the
heavier particles, which will later decay into &9 or &%*.
Therefore, we need to consider the coannihilation pro-
cesses [25]. Since 87 and 8 * which survive annihilation
eventually decay into 89 or 6%, the relevant quantity is the
total number density of 87, n = Y% | n;. The evolution of
n is given by the following Boltzmann equation [25]:

M — 3Hn— (o) — ), (15)
dt

where H is the Hubble parameter, n is the total equilib-
rium number density, and v is the relative velocity of two
annihilation particles. The effective annihilation cross sec-
tion o 18

2

6

8i8j C(AtA.

Teit = D 0 ’ff’ (1+ A)Y2(1 + Aj)/2e X044y,
ij S

(16)
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where A; = (m; — m)/m, x = m/T is the scaled inverse
temperature. g; = 1 is the internal degrees of freedom of
8 and gy = 0, gi(1 + A;)¥2eAi For the total equi-
librium number density, we may use the nonrelativistic
approximation ne, = gegr(mT/2m)>/? exp(—m/T).

For particles which potentially play the role of cold dark
matter, the relevant freeze-out temperature is x f=m /T ~
25. In our scenario, one can derive x; = 35 which can be
seen in Eq. (19). When A; > 0.1 for 67 and 87, we can
arrive at o4 = 0,/2 in our model. In addition, we find
that it is also a rational approximation oo = o1,/2 even if
all masses of &% are nearly degenerate. For simplicity, we
take (o.v) = (0 ,v)/2 in the remaining analysis of our
paper.

For nonrelativistic gases, the thermally averaged anni-
hilation cross section (o |,v) may be expanded in powers of
x~ !, {o,v) = o9x*, k = 0 for the s-wave annihilation
and k = 1 for the p-wave annihilation [26]. The general
formula for (o ,v) is given by [27]

(o1pv) = ogx*

1 3
=—2|:a)—7(2w—a)’)x*1 +] , (17)
m 2 s/4m?=1

where w = E|E,0,v, prime denotes derivative with re-
spect to s/4m?, and s is the center-of-mass squared energy.
w and its derivative are all to be evaluated at s/4m? = 1.
The final number density n 5 is given by [26]

3.79(k + l)xjﬁ_H

cm™3 (18)
gi/zMlea'O/z

ng = 2970

with
x; = In[0.038(k + 1)(gese/ gt/ )Mpmay/2] — (k + 1/2)
X In{In[0.038(k + 1)(gerr/ 8t )Mpimaro /2T, (19)

where Mp; = 1.22 X 10" GeV and g, is the total number
of effectively relativistic degrees of freedom at the time of
freeze-out. Here we take g, = 100 for illustration. With
the help of Eqs. (14), (18), and (19), we can derive

moy = 0.13 GeV™!
moy = 9.8 GeV™!

(s-wave);
(20)
(p-wave).

V. ONE HIGGS BIDOUBLET MODEL

In this section, we shall investigate whether the above
bounds can be satisfied in one Higgs bidoublet model or
not. Since there are many unknown parameters, some
rational assumptions have to be made for our model so
that one can calculate all relevant annihilation processes. In
our scenario, the thermally averaged annihilation cross
section (o|,v) is usually inverse proportional to m? as
shown in Eq. (17). Therefore, one can obtain mo «
1/vg. Namely, the smaller vy is, the easier Eq. (20) can

PHYSICAL REVIEW D 78, 035015 (2008)

be satisfied. Considering the constraints on the masses of
W, and the FCNC Higgs boson from low energy phenome-
nology [11], we choose vg = 10 TeV and a3 = 2 as an
instructive example to illustrate the main features of our
scenario. One can immediately get mz, = 7.5 TeV and
my, = 4.5 TeV. Now let us introduce an auxiliary pa-
rameter € = (p; — 2p;)/(2p,) to reexpress the mass of
89 and 6%

m = \/%(PS = 2p1)vg = Jepvg. (21

From the Z; invisible width one may obtain m > my /2,
which requires ep; > 2.0 X 107>, On the other hand, we
may require p3 = 4 in view of the perturbativity, and then
derive p; + £p; = 2. In addition, we wish all p; have the
same order which means & =< 4. Because of the suppres-
sion of phase space, one may ignore some annihilation
processes in terms of the values of € and p;. When m <
my,, 8} and 89" mainly annihilate into the fermion pairs
(except for top quark). The corresponding moy, is far less
than the lower bound of Eq. (20). For the convenience of
the remaining analysis, we require m = 500 GeV (namely,
gp; = 2.0 X 1073) which does not affect our conclusions.
Finally, we assume that all «; of the Higgs potential have
the same order.

It is worthwhile to stress that Eq. (17) is not valid when
the annihilation takes place near a pole in the cross section
[25]. This happens, for example, in Z-exchange annihila-
tion when the mass of relic particle is near m /2. For the
cases 2m/my; < 0.8 and 2m/m, = 1.2, we use the above
analytic way to calculate ma. On the contrary, we should
numerically solve the Boltzmann equation in Eq. (15), in
which the resonant cross sections of the Breit-Wigner form
must be considered. Then one can derive the relic number
density ns which has to be less than the upper bound in
Eq. (14).

In general, all relevant annihilation processes may be
divided into four categories in terms of the different final
states: 89 8% — ff, 898 - vV, §96% — HH, and
896 — VH, where V and H denote the gauge boson
and the Higgs boson, respectively. Next, we shall analyze
in detail the four classes of annihilation processes and the
resonance case.

A. 8387 — ff

Let us start with the first case: 89 and 6% annihilate into
fermion pairs. There are two kinds of Feynman diagrams at
the tree level contributing to this case: S channel gauge
bosons exchanging and Higgs bosons exchanging dia-
grams. Because of the absence of Majorana-type Yukawa
couplings, there are no T channel diagrams contribution.
The first amplitude is proportional to e2, while the second
is proportional to am/ /5. It is plausible that both dia-
grams have the same contribution for m ~ 500 GeV.
However, the squared amplitude of the first diagram always
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includes a suppression factor of 1 — 4m? /s, which leads to
the p-wave annihilation.

For the gauge bosons exchanging diagram, we can ob-
tain

(()ff =~ El E2 U'ffv

2 _ 2 4
et ( B 4_,7[2) 95 — 19m3 s + 11my, 22)

" 4r s (s — m3)?

It is obvious that this is a p-wave annihilation process.
With the help of Eq. (17), we have (mog);; =
2.2 X 1073 GeV~! for m = 500 GeV. It is 6 orders less
than the lower bound mo, = 9.8 GeV~!. Although one
may increase ma, through lowering m, (ma) 7 is still far
less than the lower bound in Eq. (20) even if m =
100 GeV. Therefore, this process cannot suppress the relic
number density of 69 and §%*.

For the Higgs bosons exchanging diagram, the ex-
changed particles should be h° and HY. As shown in
Table I, the mass of HY is far more than the light SM

PHYSICAL REVIEW D 78, 035015 (2008)
B.8%6Y — vV
In Fig. 1, we show all possible Feynman diagrams for
the process 8%68% — VV. There are three kinds of
Feynman diagrams: Fig. 1(a)-1(c) for the final states
Z,Z,. Obviously, the amplitude of Fig. 1(b) is suppressed
by a factor of k/./s compared with the first one. Thus we

only consider the contribution from Fig. 1(a) and 1(c). The
total annihilation cross section is found to be

2e*csc*20y, 4m*  8m2(s — 2m?)
Wz ~—— |1+ ————5—y() |
T s s
(24)
where the function y(x;) is defined by y(x;)=

arctanh(x,)/x; and x; = 4/1 — 4m?/s. Then, we can derive
(mog)z,z, =2.1 X 107° GeV™! for m =500 GeV. It is
obvious that this result is not so large as to satisfy the
requirement of Eq. (20).

According to the Z, Z, experience, we also calculate the
other processes. The corresponding cross sections are
given by

Higgs mass m;0. Because .of the suppressoion of the gropa- Oy ~ 6.4 i [ N 28m? B 32m_2y(x1):|; 5)
gator, we neglect the contribution from Hj;. For the /" case, T 3277sin® Oy, s
the amplitude of the Higgs bosons exchanging process is
proportional to m . Furthermore, we only consider the top
quark pair final states. The relevant cross section is ” _ et ( - 4’”%{/2)1/ 2[f sin*6yy
W22 108 rsint 0,y s 3 cos26y,
3 (amPs (5 = 4m)(s — 4m,) (1+ 20y,
@op 167 (s — mio)z’ 23) (s — m%’_})z s
N lzm‘v‘VZ) N <p3v%)2 52— 4m%V2s + IZm%VZ:I'
2 2 — 2 \2 ’
which leads to a s-wave annihilation process. One may § My, (s mH;’)
immediately derive (mog), = 1.5X 1075 GeV~! for (26)
m = 500 GeV and a7 = 2, which is far less than the lower
bound moy, = 0.13 GeV~!.
o _ e*sec*Oy, ( B m_%) 52— 3m%2s + m“z2 + 4m?s — 2(s — 2m*)(4m?* — m%z)y(xl)‘ N
A% Aqrcos20y s (s — m7)? ’
N \ RN frr“ \
AN \ \
H° VAVA
- AL+ (T < U) aV;
/ / /
/ / R /

(a) (b)

(¢) (d)

FIG. 1. All possible Feynman diagrams for the annihilation processes 8¢ 8% — V'V, where A; may be 8”/% or 53, and H° denotes

h°, HY, and H).
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2

e 4mZ \1/2
~ T2 oy e
V2.2, 32mcos?28y, ( s ) [

B 162m* — m3 )s — 4m*(16m* — Tm3))

(s — Zm%Z)2

where  x, = (cot*6,, p;3v3)/(s — még) and x, =

\/(s — 4m?*)(s — 4m7 )/(s — 2m3)). These cross sections
have the same order as the Z,Z, case. However, the ther-
mally averaged annihilation cross sections of these pro-
cesses (except for W, W) are far less than the Z;Z; case
with m = 500 GeV. Therefore, we do not analyze these
processes in detail.

C.8%6% - HH/VH

Let us now focus on the processes 89 8% — HH/VH.
The relevant Feynman diagrams for HH and HV are shown
in Figs. 2 and 3, respectively. Since the dimensional scalar
trilinear couplings enter extensively into the above two
annihilation processes, the electroweak scale coupling
ajk in 898%h° and the right-handed scale coupling
p3vg in 896%"HY would make a big difference in the
89 8% — HV processes according to our current parameter
setting. Considering the complexity of this model, we only
calculate the annihilation cross sections up to leading order
(LO) by omitting the next to leading order (NLO) contri-
butions in terms of the following three suppressing factors:
(1) small VEV ratio k/vg and k//s due to the big hier-
archy in the symmetry breaking scale of the LR model.
Since we have made the approximation x?/v% =0 thus

(@) (D)

/
\ , \(

AL+

/ /\%

(a)

(4m* — m2)? 8m? — s — 2mZ2
m2s — 4m>m> ~+ m? a 4xp[2 * — 2m> y(xz)]
Z, Z, Z,
2s 52\,
) + (6 ot 2m422)xp ] (28)

here it is, of course, a reasonable power counting rule to
pick out the LO processes against the NLO ones; (2) gauge
coupling suppression e?; (3) p-wave factor 1 — 4m? /s due
to large suppression in the integration of initial energy of
the dark matter pair.

In this subsection, we apply the above three suppressing
factors to make an explicit demonstration of the LO pro-
cesses, then give the convincing dark matter annihilation
cross sections. The LO amplitude for each possible anni-
hilation process is listed in Table II. The notations are as
follows: p;, denotes the momentum of the dark matter
pair, while pj 4 is the momentum of the final states, € is the
polar vector of gauge boson:

p, = (p1—p2) - (ps— P3)_ phH — P4~ €(P3) .
Av s_m2 > 43 _s—m2 ’
Zyy h°,HY
€ * €
p,, =P (1923) N (p;)_ 29)
t—m u—m

Here we only consider the cross sections with amplitude
order 1. In terms of Table II, nine LO annihilation cross

sections are listed in Table III, where A=1-— 25(512;102522)
1YR
_ 2p4 vR v .
and B = p3 S— 2m‘++ y(X3) + sm2*4mzmz+++m4++ with
o= R
Ve
N \( s \ /
/
A (T U) A )‘\z/lgz/\;
/( \
Vs / \
- N / \

A1+ \ Z\/Z 5 /
A /

(d)

FIG. 3. All possible Feynman diagrams are shown for the annihilation processes 8 89* — VH. The first diagram only appears in the

process 89 89" — VAY.
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TABLE II. The amplitude for HH/HV final states, where cy = cosfy, ty = tanfy, etc. We also estimate the order of
corresponding annihilation cross sections.
Process Amplitude Order Process Amplitude Order
. 2 . 2,2
hono ia; (1 — S_”;:fvi ) 1 hz, diea; csc26y kPry e
. 2 . 2 2
h°HY 2iay(1 — - p;:’*v ) 1 h°Zz3 2iea,; \/[F_VZVKPTU i—f «©
H(I)H(l) l(Ol] + (,Yg)(l - 3 p;:]RUZ) 1 H(I)Zl SieachC2wKPTU %KTZ
. 2 2,2
A?A(l) i(a) + a3)(1 — s—ﬂ;:fui) 1 H(I)Zz diea, \/—KPTU i—f ©
AVHY etyleawPz, — twPz,/2] 5 AYZ, diea,cscyy kP 1
. 6p193 2 .
HYH) ip3(2 — 5 — 2k - ) 1 AZ, —diea,cscoy /Ty kPl (&)?
. o2
hOHg _lp3a1KUR(m + s lmz + P m_) (ﬁ)z H(Z)Zl 4l€p3CSC2WvRPTU j;
HYH} 21P%012KUR(W + ,_lmzz —) Go)? HYZ, 2iep; JIL-—W—ZW“RPTU <
HH ia[1—(1 gf - P;;]v ] 1 H W, —2iea,cscyy kP 1
__ . 2p;+2p,) 8 - .
8 " Og ips[1 — TT/:U:R b tm,:R] 1 HW, —2iea,cscyy kPl Gk
G = a6 = ) /(s — 2m2..) D. The resonance case
X3 = Lf(s —4m)(s — 4m5..) /(s — 2m..); a= . . . . .
3 \/ ok~ O~ As pointed out in the previous discussion, the method of
3m2, calculating the effective thermally averaged annihilation
2——=3, b=d4m*+ml, c=s5— ZmHo, d = cross section (o v) is not valid for the resonance case
0 2 .
% [25]. Here we numerically solve the Boltzmann equa-
\/ —4dm*m%, + m* 10 and X4 = tion (15), which can be reexpressed as [28]

Y5 = 4m)(s — 4mH0)/(s —2m?,). We find that these
2 2

processes fail to provide enough large cross sections. For
896 — AYZ, and H{ W', one can easily obtain mo, <
@3/(16arm), which is far less than the required lower
bound 0.13 GeV~!. Since the other processes have the
similar forms, we take the process &9 8%* — hHY as an
example to illustrate the main features of this kind of
processes. One can immediately derive

2
a; 1 1 (8—2)2
. =—J————, 30
(moo)wmy 8mvg\ep: 4(ep)*\2e — 1 (30)

where we have used a; = 2. It is obvious that the maxi-
mum value can be obtained when €p; = 0.5. Varying ¢,

el )
dx  Hos@ '™\yvz )

where H,_; is the Hubble parameter evaluated at T = m
and s(x) is the entropy density given by

€1V

43* 2 22* 3
TE. M s(x) =781 (30

H_, = . —
=l 45 Mp 45 X3

Y = n/s is the ratio of the total particle number density n
to the entropy density s. The equilibrium number density

Y, reads

45 geir X2
we may derive (may)op = 3.5 X 107* GeV™! for @, = Yeqlx) = 47 g, K> (%), (33)
2. Therefore, we do not discuss this class of processes in
detail. In fact, . is the reaction density defined by
TABLE III. The annihilation cross sections for the leading order processes.
Process 4EE,ov Process 4EEsov
RO 167(1 L H{H{ - 1+ =y LT
!12 ‘U2 —_— dm
hOH(l) ﬁ(l )1/2(1 - p23p1Rv§)2 5;4—51? (1 R )1/2(A2 + B)
a+as)? 2 a2 %
H?H(l) ( II"G' 3) (1- Tz1)1/2(1 _ .v—p;:fvi)z A?Zl H}(l _ ?)5/2
(a;+a3)? "0 v? _ @2 m, -
A(I)A(l) 112#3) (1- H])I/Z(l _ .vfp;pfvi)z H1+W1 ﬁ( _ %)5/2
HYH) 1677 [a? + £ o 27{’(261 + %)y(x4)]
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TABLE IV. The relic number density nso in terms of different a; and p; for the Hg case.

P11 = 1.0 na(z P11 = 0.1 na(z
a; = 0.01 ng = 6.4 %1071 a; = 0.01 ng = 1.6X 1071
a; =0.1 ng = 6.5x 1071 a; =0.1 ngy = 1.4 X 10712
a; =10 ngg =1.1x10"1? a; =10 néi =3.6x%X 10712
ap = 2.0 n(s(L) =25X 10712 a)p = 2.0 nag =12X 10711
., mt [ and W, W,. Since h°h° and h°H? have a similar form, the
Veit = NegTetrv) = 6d7x L Geir(2)/2K) (x4/2)dz, key quantity is a3 + a?/8 for our calculation. Without loss
of generality, one may take different values for «; and
(34 . :
require a; = a,. The final results for different «; have
with been shown in Table IV. In addition, we also calculate the
p; = 0.1 case, and list the corresponding results in
G oif = §54E Eyoquy1 — 4/, (35)  Table IV. If p; = 0.1, the final states have to be two SM

where z = s/m?, K;(x), and K,(x) are the modified Bessel
functions.

In our scenario, the exchanged particles may be Z, Z,,
h°, HY, and HY. It is obvious that the case of exchanging
gauge bosons Z; or Z, is a p-wave annihilation process. If
the exchanged particle is HY, the corresponding cross
section will be suppressed by x*/v%. For the h° case, the
resonant condition 2m = m,e implies that the final states
must be the Fermi pairs. In addition, the previous analysis
indicates that the maximal cross section might be from the
H) exchanging process. Therefore, we study the h° and H)
cases in this subsection.

First we consider the HY case. Because of the factor

—4/zinEq. , we take m7,/m= = 4.1 (namely ¢ =
1 — 4/zinEq. (35) ki %1/2 4.1( 1

0.4878). At this point, 7y, becomes larger than the
m2,/m* = 4 case. Then we take p; = 1 (p3 = 2.98). At
2

this moment, 89 and 8%* may annihilate into 2°h°, h°HY,

1079§""I""I""I""I""I""I""I""-
10"";—
10‘”;
10“2;—
10'”;—

10™ L

10715 :_

1-16- 1 1 ..I....I....I.....

0 0.80 0.85 0.90 0.95 1.00 1.05 1.10 1.15 1.20

2m/mhq

FIG. 4. Numerical illustration of the relic number density s
as a function of 2m/my near a resonance, where mj =
120 GeV has typically been taken. The dashed line denotes
the present experimental upper bound on n 8-

Higgs bosons. In view of Table IV, we may find that the H)
case fails to suppress the relic number density of 69 and
80
Now we assume the SM Higgs mass mj;0 = 120 GeV in
the h° case. Furthermore, one may obtain m = 59.3 GeV
(epy = 3.5 X 107°) from m?,/m* = 4.1. Because of m <
2

100 GeV, the bound in Eq. (14) is not valid. For m =
59.3 GeV, we take o5 F < 4.6 X 10™* cm? [16] and de-
rive the corresponding bound

ngy = 11X 10713, (36)

In this case, 89 and 89* mainly annihilate into the bottom
quark pair. The annihilation cross section is given by

2,2
aTmys

4E,E,0v);0 =~ — R
(4E Eyov)0 4ar (s — mio)2 + miOFZO

(37)

where m; is the bottom quark mass and I'p =
3myuom?/(87«?) is the decay width of h°. One may obtain
ne = 1.2 101 for a; = 2. This wonderful result in-

dicates that our scenario may be consistent with the direct
dark matter search bound. To illustrate, we plot the relic
number density ns) Versus the dark matter mass m in

Fig. 4, where all annihilation channels have been consid-
ered. Using the results from CERN LEP-II, Datta and
Raychaudhuri have derived m = 55.4 GeV [29]. To show
the h° resonance region, we choose 48 GeV =m =
72 GeV (0.8 = 2m/m0 = 1.2) in Fig. 4. The peak around
2m/m;p = 0.83 in Fig. 4 is due to the competition between
h° and Z, resonances. For m;o = 120 GeV, we find that
56 GeV = m =< 60 GeV can satisfy the requirement
ny = 11X 10713, At this moment, one may obtain

Qgg h? < 6.3 X 1077, which is far less than the total dark
matter density Qpyh? = 0.111 * 0.006 [18].

VI. TWO HIGGS BIDOUBLET MODEL

Motivated by the general two Higgs doublet model as a
model for spontaneous CP violation, one may simply
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extend the one Higgs bidoublet LR model to a two Higgs
bidoublet LR model with spontaneous P and CP violation
[13]. Besides one left-handed Higgs triplet A; (3, 1, 2) and
one right-handed Higgs triplet Ak (1,3,2), this model con-
sists of two Higgs bidoublets ¢ (2, 2, 0) and yx (2, 2, 0),
which can be written as

(% 4)

The most general Yukawa interaction for quarks is given by
—Ly=0,(Y, 6+ ¥, ¢+ Fx + Fo 00, (39)

where Q; g = (up g dp g)". Parity P symmetry requires
Y,,Y,, F,, and F, are Hermitian matrices. When both P
and CP are required to be broken down spontaneously, all
the Yukawa coupling matrices are real symmetric. After
the spontaneous symmetry breaking, two Higgs bidoublets
can have the following vacuum expectation values:

(/N2 0 )
<¢>>—(10 N-z-)

_(wi/V2 0
<X>_< 10 Wz/\ﬁ)’

where ki, k5, wi, and w, are in general complex. Then we
may obtain the following quark mass matrices:

0 +
= Xi X1 ) (38)
X (x@ X5

(40)

Mu = 71§(YqK1 + YqKz + FqW] + FqWQ); 4
. . (41)
My = 5(Y k2 + ¥ iy + Fywy + Fow)).

In the two Higgs bidoublet model, the stringent con-
straints from the low energy phenomenology can be sig-
nificantly relaxed. In Ref. [13], the authors calculate the
constraints from the neural K meson mass difference Amy
and demonstrate that a right-handed gauge boson W, con-
tribution in box diagrams with mass around 600 GeV is
allowed due to a cancellation caused by a light charged
Higgs boson with a mass range 150-300 GeV. Therefore,
we take vp = 2 TeV instead of the previous vy = 10 TeV
for this section. It is worthwhile to stress that our previous
estimation is still right for this case except for the process
8787 — h°H). (moyg),op0 in Eq. (30) will be about 5
times larger than that in the vy = 10 TeV case, which
does not affect our conclusion.

Since there are two Higgs bidoublets, we can give more
dark matter annihilation processes for 6% 8%* — HH and
896 — VH. In this model, one may obtain three light
neutral Higgs bosons and a pair of light charged Higgs
bosons [30]. The other Higgs bosons’ masses are related to
vp. Although the annihilation cross section might be
doubled or even increased by several times, it is still at
least 10 times less than the direct dark matter search bound.

A significant advantage of the two Higgs bidoublet
model is that the Yukawa couplings may become very

PHYSICAL REVIEW D 78, 035015 (2008)

large. In view of Eq. (41), one can explicitly understand
this feature. For example, we require the couplings Y, and
Y, are very large when w; > k| > k, = w,. Then one
may obtain larger annihilation cross section for the
89 8% — ff process than Eq. (23). For illustration, we
take the maximal annihilation cross section for each quark
pair final states

3 (a,-qul)zs
87 (s —mi)?’

where m,, denotes the mass of a light Higgs boson which
comes from ¢Y. For a; = 1, w; = 246 GeV, and m =
100 GeV, Y, = 4.3 can be obtained from Eq. (20) when
we take 2m/m;, = 0.8 and consider all quark final states
but the top quark. At this moment, we must consider the
light Higgs h contribution to the direct dark matter detec-
tion experiments. The WIMP-nucleon cross section by
exchanging & is given by

5 G

4E1E20"U -~ (42)

2

Ty 2> *M;, (43)
mmj,

where f ~ 0.02Y,w, /m,, [15]. Using the above parameter
setting, we may derive o, = 6.1 X 1073 c¢cm?, which is
far more than the Z; exchanging case of Eq. (13). The
larger Y, is, the larger o, is. Therefore, we cannot give the
desired relic number density through increasing the
Yukawa couplings.

Now we focus on the resonance case. For the HY ex-
changing case, the results in Table IV can be increased by
about 5 times because of vy = 2 TeV. On the other hand,
more final states would generally increase the partial width
FH;)_,HH. Namely the case of more final states is equivalent

to enhancing «, which does no good for the larger anni-
hilation cross section as shown in Table IV. For the /° case,
we may obtain the same conclusion as the one Higgs
bidoublet case.

VII. SUMMARY AND COMMENTS

In the left-right symmetric model with one Higgs bi-
doublet, we have demonstrated that the cold dark matter
constraints should be considered in a specific scenario in
which the so-called VEV-seesaw problem can be naturally
solved. In such a scenario, we find that 89 and 6% are two
degenerate and stable particles. To avoid the conflict with
the direct dark matter detection experiments, we obtain the
relic number density ng = 4.8 X 1074, which implies
that the two particles cannot dominate all the dark matter.
Subsequently, the lower bounds ma, = 0.13 GeV~! and
mo, = 9.8 GeV~! have been derived for the s-wave an-
nihilation and the p-wave annihilation, respectively. In this
paper, we examine whether our scenario can provide very
large annihilation cross sections so as to give the desired
relic abundance. We analyze in detail four classes of
annihilation processes: 89 8% — ff, 896% — VvV,
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896Y — HH, and 89 6% — VH. However, our analysis
shows that this scenario fails to suppress the relic number
density of 89 and 8% except for the resonance case [31].
For the h° resonance case, we obtain 032 h?2=<63x%x1077,

which is far less than the total dark matter density
Qpuh? = 0.111 = 0.006. Finally, we discuss the two
Higgs bidoublet model from the following three aspects:
(1) vg = 2 TeV; (2) more final states; (3) large Yukawa
couplings. It turns out that our previous conclusions can be
generalized to the two Higgs bidoublet model.

In recent years, several authors have shown that it is far
from natural for the minimal LR model to generate sponta-
neous CP violation with natural-sized Higgs potential
parameters [3-5]. It is of importance for us to comment
on some more general LR models with one Higgs bidoub-
let [6-11]. The differences mainly come from the complex-
ity of the Higgs potential parameter «, and Yukawa
couplings. We stress that our conclusion in Sec. V could
be generalized to these more general cases without any
dramatic alternation because the gauge and Higgs sectors
are basically the same.
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APPENDIX: SCALAR AND SCALAR-GAUGE
TRILINEAR AND QUARTIC COUPLINGS

We intend to calculate the cross section to the leading
order for each process of dark matter annihilation. We first
work in the framework of the simple left-right symmetric
model with one Higgs bidoublet and one pair of LR
triplets. To simplify our calculation, we take the decou-
pling limit in which x?/v% =~ 0 where k* = |k |> + |k |?
denotes the EWSB scale. The VEVs of the Higgs bidoublet
are required to satisfy the low energy phenomenology
constraint k,/x; < m;,/m,, which may produce correct
quark masses, small quark mixing angles, and the suppres-
sion of flavor-changing neutral currents [32-35]. For sim-
plicity, we take &k, =0 which is a reasonable
approximation at the leading order since «,/k; is now
around 1072, Actually the limit x, — O brings an addi-
tional advantage that the vacuum CP phase 6, could be
taken zero safely without hampering the estimation. These
approximations could largely simplify our calculation.

The relevant scalar trilinear couplings and quartic cou-
plings under the unitary gauge are shown in Table V. Here
we write out the scalar-gauge interactions:

L so50yy = 6787 (gWa, — g'B)* + 287 87" W, Wy s

Lyyy = gzvR{H(z)[(ng — g'B)(gW3r — g'B) + Wy Wi+ <_ ﬁSE_W;W; + HC)}

Grant (A1)
Lps,v = —ig(8296, — 8, 08))W/
+i8,08Y (gWs, — g'B) + He; (A2)
1
2 1 - + + 1 0 iAO -+ 1 0
+ g k EHI (WSRWL - W3LWR) - E(Hl + lAl)WL WR + H.C. + Zh [(W3L - WSR)(W?aL - W3R)
(A3)

AW W+ W,-;W,;)]};

TABLE V. The relevant trilinear and quartic scalar couplings, where the dimensional trilinear couplings with different scales v and
K are separated and shown separately in two columns: A = A; + 4, + 2A; and X' = A; — 41, + 2A;.

Interaction Coupling/vg Interaction Coupling/ k Interaction Coupling
89 6% HY 03 89 6% h0 a; 89 8% hOR° a
808, 8i+ 2v2p, 89 80 HO 2a, 89 89*hOHO 2a,
HYROR° a; hORO RO 6 89 8% HYHY a; + a3
HYH)RO 2ay HYROn° 64 89594949 a; + a3
HYHYHY) a) + a; HYHRO 24 8V 8V H HS @
HYAJAY @) + a; H)H)HY 614 89 8% HIHY 2p;
HYH{HY o+ aj HOAVH) 2M4 0 6% 8585~ 03
HYHYH) 6p hYA9AY 2X
HYS/ 85~ 2(p; + 2p,) HYHIK° @

HYHI)H? 2ay
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Lypy = %H{GH{(W% + Wig) — 05 965 (gWig + &'B) — ig(6x 065 — 65065 )Wg

+ %[(H; IH) — HYOH )W, + (R°0H, — Hy 0h®)WZ ]+ g[(A?aH; — Hy 0ADW; + h.c.
+ (HY0A) — AYOHY) (W3, — Wag)], (Ad)

where the connection between weak eigenstates (W5;, Wig, B) and physical states (Z;, Z,, A) are demonstrated by the
following orthogonal transformation at the leading order:

W3L Cw 0 Sw Zl
W3R = _Sle \/CowSECy Sw 22 . (AS)
B _1/C2th _tW Cow A

The SU(2), r gauge coupling g and U(1)z_; coupling g’ are related to the U(1)gy gauge coupling e:

e , e
=—" = = A6
§ sinfy & N (A6)

Here our conventions are the same as those in Ref. [20].
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