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Multi-component dark matter system is studied in models with an exact Z2 × Z′2 symmetry. We
discuss the general formulation of the time dependences of dark matter density. A supersymmetric
version and a simple extension of radiative seesaw model are introduced as the concrete models
of the multi-component dark matter. In the former model, we discuss the effects of non-standard
annihilation process on the relic density of the supersymmetric dark matter. The indirect detection
possibility of the monochromatic neutrino from the sun is discussed in the latter model.

I. INTRODUCTION

The existence of dark matter is almost certain from various cosmological observations. As a dark matter
candidate which can be experimentally observable in near future, the weak interacting massive particle (WIMP)
have been studied very well in various extensions of the standard model (SM). The relic density of dark matter
in the universe is precisely obtained by WMAP [1] and Planck [2] observation. However, it is unknown whether
the dark matter is single-component or multi-component. As a more general possibility of dark matter physics,
we study the non-trivial phenomenology of the multi-component dark matter systems. The non-standard
annihilation process of the dark matter particles can affect their relic densities and their detection probabilities.
The current experimental constraints on the interaction between the dark matter and the SM particles are
determined in the single-component scenario. When we consider the multi-component scenario, we need to
translate the constraints to those of the multi-component scenario.

The simplest possibility of the symmetry stabilizing dark matter is an exact Z2 symmetry. There are various
origins of Z2 symmetry. For example, the R parity in the supersymmetric models is introduced to forbid the
fast proton decay, and the Z2 symmetry in the radiative seesaw model is introduced to forbid the tree level
neutrino masses. If we assume that several Z2 symmetries exist in the extended model of the SM, the model
can be the multi-component dark matter model.

This talk is based on the works [3, 4]. In the Sec. II, we introduce the general formulation of time dependence
of dark matter density in the model with the exact Z2×Z ′2 symmetry, and estimate the effects of non-standard
annihilation process. In the Sec. III, we introduce two concrete models of the multi-component dark matter.
We study the supersymmetric radiative seesaw model and estimate the impact of presence of additional dark
matters for the Constrained Minimal Supersymmetric Standard Model (CMSSM). The possibility of the indirect
detection of the multi-component dark matter via the non-standard dark matter annihilation process is discussed
in the simple extension of the radiative seesaw model to the multi-component scenario.

II. GENERAL FORMULATION

We consider the model having exact Z2 × Z ′2 symmetry as an example of the multi-component dark matter
system. In this symmetry, Z2’s are conserved individually and there are three candidates of dark matter. The
lightest two particles of different Z2 parity are stable at a time but the heaviest candidate can decay to two
lighter dark matters in general. If the heaviest candidate is enough light to forbid its decay kinematically, there
can exist three components of dark matter.

Because the energy density of dark matter is the product of the mass and the number density, the number
densities of the multi-component dark matter cannot be summed up. The Boltzmann equations which describe
the number densities ni of the dark matter i can be written as

ṅi + 3Hni = −C[ni, nj , · · · ] , (1)

where H is the Hubble parameter and C[ni, nj , · · · ] is the collision term. The collision processes can be classified
into three types[5–7],

DMi DMi ↔ SM SM (Standard annihilation) , (2)

DMi DMi ↔ DMj DMj (Dark matter conversion) , (3)

DMi DMj ↔ SM DMk (Semi-annihilation) . (4)
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FIG. 1: The relic density of DM1 and DM2 with m2 = 150 GeV, 〈σ|v|〉11→SM = 10−11GeV−2 and 〈σ|v|〉22→SM =
10−7GeV−2.

The standard annihilation depends on the density of dark matter only. Because we assume SM particles are
in thermal equilibrium while dark matter decoupling, their number density can be obtained analytically. The
collision term of the standard annihilation is approximately written as

〈σ|v|〉ii→SM(n2
i − n̄2

i ) , (5)

where 〈σ|v|〉ii→SM is the thermal averaged cross section and n̄i is the thermal number density of dark matter
i. The process of dark matter conversion is similar to that of the standard annihilation. The final states of
the conversion are the pair of the other dark matter particles j which is not in thermal equilibrium during the
decoupling of the dark matter i in general. This process depends on the two dark matter densities and the
collision term can be written as∑

j

〈σ|v|〉i→j(n2
i − n̄2

i

n2
j

n̄2
j

) = −
∑
j

〈σ|v|〉j→i(n2
j − n̄2

j

n2
i

n̄2
i

) , (6)

where we used the relation 〈σ|v|〉i→j =
n̄2
j

n̄2
i
〈σ|v|〉j→i. The semi-annihilation is allowed in the case of the three

component dark matter. The collision term of i is given by∑
j,k

〈σ|v|〉ij→kSM(ninj − n̄in̄j
nk
n̄k

)−
∑
j,k

〈σ|v|〉jk→iSM(njnk − n̄j n̄k
ni
n̄i

) , (7)

where i, j and k are different species of dark matter. Because this process is the additional possibility of
production of the SM particles, it can be important for the indirect dark matter detection. Then, the Boltzmann
equations of the multi-component dark matter system can be written as

ṅi + 3Hni = −
[
〈σ|v|〉ii→SM(n2

i − n̄2
i ) +

∑
j

〈σ|v|〉i→j(n2
i − n̄2

i

n2
j

n̄2
j

)

+
∑
j,k

〈σ|v|〉ij→kSM(ninj − n̄in̄j
nk
n̄k

)−
∑
j,k

〈σ|v|〉jk→iSM(njnk − n̄j n̄k
ni
n̄i

)
]
. (8)

The non-standard annihilation process can affect the relic densities of dark matters. To see the effect of
the dark matter conversion, we consider a two component dark matter DM1 and DM2. The dark matter
conversion will be particularly important when the difference of the cross sections for the standard annihilation
between DM1 and DM2 is large. If the standard annihilation cross section of DM1 is very small and one of
DM2 is large, the relic density of DM1 become very large in the absence of conversion process. If the dark
matter conversion of DM1 to DM2 exists, total relic density can be more small. Fig. 1 shows the relation
of mass difference of dark matter and relic densities Ωih

2. In this calculation we fixed to be m2 = 150GeV,
〈σ|v|〉11→SM = 10−11GeV−2 and 〈σ|v|〉22→SM = 10−7GeV−2. The conversion cross section of heavier dark
matter to lighter one is 〈σ|v|〉conv. = 0 (red/solid lines), 10−9GeV−2 (green/dashed lines), and 10−7GeV−2

(blue/dotted line). Because the dark matter particles are non-relativistic, the conversion process from the



TABLE I: The field contents and the quantum number. R×Z2 is the unbroken discrete symmetry. The quarks of the MSSM are
suppressed in the Table.

superfield L EC NC Hu Hd ηu ηd φ

SU(2)L 2 1 1 2 2 2 2 1

U(1)Y −1/2 1 0 1/2 −1/2 1/2 −1/2 0

R× Z2 (−,+) (−,+) (−,−) (+,+) (+,+) (+,−) (+,−) (+,−)

FIG. 2: Conversion process.
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FIG. 3: The allowed region in the m0-M1/2 plane with a set of the
CMSSM parameter A0 = 2m0, tanβ = 10, µH > 0.

lighter particles to the heavier particles is suppressed by Boltzmann factor. In this case, the interaction of DM1
and SM is too small to explain the WMAP data [1]. So we expect that the conversion process of DM1 to DM2
reduce the density of DM1. If DM1 is heavier than DM2 (in the right side of Fig. 1), it is good approximation
to assume that DM2 is in thermal equilibrium during the decoupling of DM1. Then, the collision term of DM1
can be written as

−
[
〈σ|v|〉11→SM(n2

1 − n̄2
1) + 〈σ|v|〉11→22(n2

1 − n̄2
1

n2
2

n̄2
2

)
]

' −
[(
〈σ|v|〉11→SM + 〈σ|v|〉11→22

)
(n2

1 − n̄2
1)
]
. (9)

There is no suppression and the relic density of DM1 can be small easily. If DM1 is lighter than DM2 (in the
left side of Fig. 1), the dark matter conversion is suppressed by the Boltzmann factor exp(−2(m1−m2)/T ). To
reduce the relic density of DM1, we need the larger conversion cross section or the smaller mass difference.

III. CONCRETE MODELS

We introduce two concrete models of the multi-component dark matter system. Here, the radiative seesaw
model of [8], which have an exact Z2 symmetry and generate the neutrino masses from the one loop level
radiative correction, is extended to the models which have an additional Z2 symmetry.

A. supersymmetric radiative seesaw model

In the CMSSM, theR-odd dark matter is Bino-like neutralino in the wide region of parameter space. Typically,
the cross section of the standard annihilation of Bino is too small to obtain the correct relic density. Also it can
be enlarged by the mixing of Wino and Higgsino or the co-annihilation process, the allowed parameter region
for the correct dark matter density is restricted to only a narrow area [9]. We can relax this situation in the
supersymmetric radiative seesaw model [10], which is a multi-component dark matter extension of CMSSM [3].

The field contents of the supersymmetric radiative seesaw model is given in Table I. The superpotential of
the model is follows.

W = Y uijQiU
c
jH

u + Y dijQiD
c
jH

d + Y ei LiE
c
iH

d − µHHuHd

+Y νikLiN
c
kη

u + λuηuHdφ + λdηdHuφ + µηη
uηd +

1

2
(MN )kN

c
kN

c
k +

1

2
µφφφ , (10)



TABLE II: The field contents of the model and the corresponding quantum numbers. Z2 × Z′2 is the unbroken discrete
symmetry. The quarks are suppressed in the Table.

field Li lci Nc
i H η χ φ

SU(2)L 2 1 1 2 2 1 1

U(1)Y −1/2 1 0 1/2 1/2 0 0

Z2 × Z′2 (+,+) (+,+) (−,+) (+,+) (−,+) (+,−) (−,−)
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FIG. 4: The semi-annihilation process.
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FIG. 5: The detection rate for the monochro-
matic neutrino from the sun.

where L, Hu,Hd and ηu, ηd are SU(2)L doublets of the leptons, the MSSM higgses, and the inert doublets
respectively. The quark fields are Q, Uc and Dc. The right handed fields of charged leptons and neutrinos are
EC and NC . φ is an additional inert singlet field which is needed to generate the neutrino masses radiatively.

There are R-parity of supersymmetry and Z2 symmetry for the radiative seesaw mechanism which stabilize
dark matter. In this model, we can consider three types of R × Z2 parity odd dark matter candidates. We
choose the lightest particles of each parity, Bino-like neutralino χ̃ ∼ B̃ for (R,Z2) = (−,+), doublet-like inert

higgsino ξ̃0 ∼ (η̃u0 − η̃d0)/
√

2 for (−,−), and doublet-like inert higgs ξ0
R ∼ (ηu0

R − ηd0
R )/
√

2 for (+,−). The
standard annihilation cross section of the pure Bino is too small while that of SU(2) doublet dark matter is too
large [11, 12] to explain the dark matter relic density in the consideration region. As shown in Sec. II, it can
be considered that the conversion of the Bino to the other dark matter particles reduce the relic density. If we
choose the mass hierarchy of dark matter candidates,

Mξ̃0 ,Mξ̃+ < Mχ̃ < mξ0R,I
,mξ+ , (11)

then the conversion process of the neutralino to the inert higgsino (Fig. 2), which is determined only by their
masses, is not suppressed.

Here, the relic density of dark matter in this model is calculated with Mξ̃0 = 120 GeV. Fig. 3 shows the

allowed region (red dots) of Ωχh
2 = 0.1126 ± 0.0036 [1] with the parameter A0 = 2m0, tanβ = 10, µH > 0.

We have used the approximation of Eq. (9) for the annihilation process of the neutralino. The allowed region
is expanded to the wide region from the CMSSM by the effect of the conversion process of the neutralino. The
relic density of ξ̃0 and ξ0 are <∼ 10−2, and the density of the neutralino is dominant. Because the neutralino
mass is approximately written by Mχ̃ ∼ 0.5M1/2, the conversion cross section is not sensitive to m0. So the
conversion cross section depends on only M1/2, and the allowed region is expanded to the horizontal wide region.

B. radiative seesaw model + additional 2 DM’s

As another concrete model, we discuss the simple extension of the radiative seesaw model [8] with the
additional dark matter particles. In this model, we introduce a gauge singlet real scalar φ and a gauge singlet
Majorana fermion χ and impose the additional Z ′2 symmetry by hand (Table II). The Z2 × Z ′2 invariant
Yukawa couplings of the lepton sector are given by

LY = Y eijH
†Lil

C
j + Y νikLiεηN

C
k + Y χk χN

C
k φ+ h.c. , (12)



and Majorana mass term of the right handed neutrino and the singlet fermion χ are

LMaj =
1

2
MkN

C
k N

C
k +

1

2
Mχχ

2 + h.c. . (13)

The scalar potential is

V = m2
1H
†H +m2

2η
†η +

1

2
m2

3φ
2 +

1

2
λ1(H†H)2 +

1

2
λ2(η†η)2 + λ3(H†H)(η†η) + λ4(H†η)(η†H)

+
1

2
λ5[(H†η)2 + h.c.] +

1

4!
λ6φ

4 +
1

2
λ7(H†H)φ2 +

1

2
λ8(η†η)φ2 . (14)

As a possibility of the indirect detection, we consider the monochromatic neutrino from the sun in this model.
The dark matter candidates are the right handed neutrino NC

k , the inert doublet η0, the singlet fermion χ, and
the singlet scalar φ. χ and φ can not annihilate into the neutrino pair at tree level. The monochromatic neutrino
can be produced via the standard annihilation of NC

k or η0. NC
k annihilation depends on the Yukawa coupling

Y νik, which is constrained to be very small by the neutrino mass and lepton flavor violation µ → eγ. So this
annihilation cross section can not be large enough to detect the produced neutrino. η0 annihilation depends
on the SU(2) gauge interaction. But the neutrino anti-neutrino pair production is helicity suppressed. So the
monochromatic neutrino production from the standard annihilation is small in this model.

To consider the possibility of semi-annihilation, we choose three component dark matter condition. We
assume that dark matter particles are η0, χ and φ. The monochromatic neutrino can be produced by the
semi-annihilation diagram (Fig. 4). There are three channels of annihilation and the energy of the produced

neutrino is Eν ∼ 1
2 (mi +mj − m2

k

(mi+mj) ) for the channel of ij → kν. Since the Yukawa coupling Y χk is not

constrained, this cross section can be relatively large.
Generally the time dependence of the number of dark matter Ni in the sun can be written as

Ṅi = Ci − CA(ii→ SM)N2
i −

∑
mi>mj

CA(ii→ jj)N2
i

−[CA(ij → kν)NiNj − CA(jk → iν)NjNk] , (15)

where Ci is the capture rate in the sun and CA’s are the annihilation rate in the sun obtained by

CA(ij → •) =
〈σ(ij → •)|v|〉

Vij
, Vij = 5.7× 1027

(
100GeV

µij

)3/2

cm3 . (16)

Here Vij is an effective volume of the sun with µij = 2mimj/(mi +mj) in non-relativistic limit. The neutrino
production rate in the sun is given by

Γ(νν) = CA(ηη → νν)N2
η/2 ,

Γ(ν) = CA(ηφ→ χν)NηNφ + CA(ηχ→ φν)NηNχ + CA(χφ→ ην)NχNφ . (17)

As for the monochromatic neutrino detection rate, we use [13]

Γdetect = AP (Eν)Γinc , (18)

where A ∼ 1km2 is the IceCube detector area facing the incident beam, P (Eν) ∼ 10−11(L/km)(Eν/GeV)
is the possibility for detection as a function of the neutrino energy Eν (L is the depth of the detector), and
Γinc ∼ Γ/4πR2

� is the incoming neutrino flux (R� is the distance to the sun).
Fig. 5 shows the the detection rate of the monochromatic neutrino from the semi-annihilation in the sun for

the IceCube experiment [13]. We obtain up to O(10−1) events per year in this model. In this estimation, we
have used following mass condition

Mk = 1 TeV , 80 GeV ≤ mη0R
≤ 500 GeV , mη0I

= mη± = mη0R
+ 10 GeV ,

mχ = mη0R
− 10 GeV , mφ = mη0R

− 20 GeV , (19)

and couplings which consistent with neutrino oscillation data, WMAP data [1], constraints of collider exper-
iments and XENON100 [14] . In this model, the monochromatic neutrino from the standard annihilation of
inert higgs can not be large because of the helicity suppression. However, there is no suppression mechanism
for the monochromatic neutrino from the semi-annihilation in general. So we expect that the monochromatic
neutrino will be the hint of the multi-component dark matter.



IV. CONCLUSION

We have considered the dark matter conversion and the semi-annihilation of dark matter in the multi-
component dark matter system in the Z2 × Z ′2 models. These non-standard annihilation processes can affect
their relic density considerably. We discussed two concrete models. In the supersymmetric radiative seesaw
model, we can consider the multi-component dark matter of neutralino, inert higgs and inert higgsino. The dark
matter conversion of the neutralino can affect to the relic density. This effect would expand the allowed region
for the relic density of dark matter in the m0-M1/2 plane considerably. In the simple extension of the radiative
seesaw model, we introduced the additional dark matter particles, the singlet fermion and singlet scalar. Due
to the semi-annihilation processes, the monochromatic neutrinos are radiated. We estimated the observation
rates of the monochromatic neutrinos. Observations of high-energy monochromatic neutrinos from the sun may
indicate a multi-component dark matter system.
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