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I Radiative Seesaw and DM
Radiative Neutrino Mass Generation 

            (Zee,80;86; Wolfenstein,80; 
             Babu,88, etc)

Radiative Seesaw Mechanism 
(Kraus, Nasri + Trodden,02; Ma,06; Aoki, Kanemura+ 
Seto,08; etc)

Unbroken discrete symmetry to
forbid the Dirac masses

  NR,  Inert Higgs, etc are DM candidates.



Three-loop Model
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FIG. 3: One-loop radiative neutrino mass in the model of Ref. [? ].
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Z  -odd

Radiative Seesaw

m · Ψ = m′ · Ψ′

The Yukawa sector of the standard model (SM) contains many redundant

parameters.
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NR can be DM.
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FIG. 3: One-loop radiative neutrino mass in the model of Ref. [? ].
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FIG. 4: One-loop diagram for µ → eγ.
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NR DM studied by

Eta DM  studied by

Barbieri, Hall + Rychkov, 06;
Lopez, Oliver +  Tytgat,06; 
Dolle + Su,09 etc

Kubo, Ma + Suematsu, 06;
Aristizabal Sierra, Kubo, Restrepo, 
Suematsu +Zapata, 08;
Gelmini, Osoba+ Palomares-Ruiz, 09, etc



Aoki, Kanemura+Seto, 08
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Model L-violating dim. No. of loops νR No. of stable DMs

[1] 3 (tri-linear scalar coupling) 1 No 0

[2, 3, 21] 3 (tri-linear scalar coupling) 2 No 0

[15] 3 (tri-linear scalar coupling) 1 No 1

[22] 3 (tri-linear scalar coupling)) 2 Yes 2

[4, 5, 11] 3 (Majorana mass) 3 Yes 1

[6–9, 12, 14, 23, 24] 3 (Majorana mass) 1 Yes 1

[13] 3 ( Majorana mass) 1 Yes (SU(2)L triplet) 1

[17] 4 (quartic scalar coupling) 1 No 1

[19] No L-violation 1 Yes 0

[18] Spontaneous violation 2 No 1

[20] Sponataneos violation 2 Yes 1

[16] Spontaneous violation 1 Yes 1

[10] 2 (scalar mass) 1 Yes 0

Our model 2 (scalar mass) 2 Yes 2 or 3

mχ = 130 GeV

ΩTh2(! Ωχh
2) = 0.1157 ± 0.0046 (2σ)

γ3

σγZ/σγγ σW+W−/(2σγγ + σγZ)

σMCDM/σSM = 1.6 ± 0.4

γ2 Ωη W+W− , ZZ , Zγ
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vσ(DMDM → γγ) ! 10−27 cm3s−1

vσ(DMDM → SM), i.e.vσ(DMDM → W+W−) etc

<∼ 10 × vσ(DMDM → γγ) ∼ 10−26 cm3s−1 (1)

1

Non-susy Models of 
radiative generation of

Model L-violating dim. No. of loops νR No. of stable DMs

Our model 2 (scalar mass) 2 Yes 2 or 3
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[1] 3 (tri-linear scalar coupling) 1 No 0

[2, 3, 21] 3 (tri-linear scalar coupling) 2 No 0

[15] 3 (tri-linear scalar coupling) 1 No 1

[22] 3 (tri-linear scalar coupling)) 2 Yes 2

[4, 5, 11] 3 (Majorana mass) 3 Yes 1

[6–9, 12, 14, 23, 24] 3 (Majorana mass) 1 Yes 1

[13] 3 ( Majorana mass) 1 Yes (SU(2)L triplet) 1

[17] 4 (quartic scalar coupling) 1 No 1

[19] No L-violation 1 Yes 0

[18] Spontaneous violation 2 No 1

[20] Sponataneos violation 2 Yes 1

[16] Spontaneous violation 1 Yes 1
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TABLE I: Classification of the models of radiative neutrino mass generation. The radiative seesaw models

are those with the right-handed neutrinos N c
R.

Model L-violating dim. No. of loops N c
R No. of stable DMs

[4] 3 (tri-linear scalar coupling) 1 No 0

[5, 6, 25] 3 (tri-linear scalar coupling) 2 No 0

[19] 3 (tri-linear scalar coupling) 1 No 1

[26] 3 (tri-linear scalar coupling)) 2 Yes 2

[7, 8, 15] 3 (Majorana mass) 3 Yes 1

[9, 11–13] 3 (Majorana mass) 1 Yes 1
[16, 18, 27, 28]

[17] 3 ( Majorana mass) 1 Yes (SU(2)L triplet) 1

[21] 4 (quartic scalar coupling) 1 No 1

[23] No L-violation 1 Yes 0

[22] Spontaneous violation 2 No 1

[24] Spontaneous violation 2 Yes 1

[20] Spontaneous violation 1 Yes 1

[14] 2 (scalar mass) 1 Yes 0

Our model 2 (scalar mass) 2 Yes 2 or 3

TABLE II: The matter content of the model and the corresponding quantum numbers. Z2 × Z ′
2 is the

unbroken discrete symmetry, while the lepton number L is softly broken by the φ mass. D2N (N = 2, 3, . . .)

is the dihedral group of order 2N .

field statistics SU(2)L U(1)Y L Z2 Z ′
2 D2N

(νL, l) F 2 −1/2 1 + + 1

lc F 1 1 1 + + 1

N c
R F 1 1 0 − + 1′′

H = (H+,H0) B 2 1/2 0 + + 1

η = (η+, η0) B 2 1/2 -1 − + 1′′

χ B 1 0 0 + − 1′

φ B 1 0 1 − − 1′′′

II. THE MODEL

The matter content of the model is shown in Table II. The new fields are (in addition

to the right-handed neutrino N c
R): SU(2)L doublet scalar η (L = −1), and singlet scalars

χ (L = 0) and φ (L = 1), where L is the lepton number. Note that L of N c
R is zero and

3

II The model

Matter content
(Minimal extension)

Ma

that four different representations of Z2 × Z ′
2 are exactly the singlets of the dihedral group

of order 2N , D2N (N = 2, 3, . . .). The Z2 ×Z ′
2 ×L-invariant (or D2N ×L-invariant) Yukawa

couplings of the lepton sector can be described by

LY = Y e
ijH

†Lil
c
j + Y ν

ikLiεηN c
Rk + h.c. (1)

with the Majorana mass term of the right-handed neutrinos N c
Rk (k = 1, 2, 3)

LMaj =
1

2
[ MkN

c
RkN

c
Rk + h.c. ] . (2)

The most general form of the Z2 × Z ′
2 × L-invariant scalar potential is given by

Vλ = λ1(H
†H)2 + λ2(η

†η)2 + λ3(H
†H)(η†η) + λ4(H

†η)(η†H)

+
1

4
γ1χ

4 + γ2(H
†H)χ2 + γ3(η

†η)χ2 + γ4|φ|4 + γ5(H
†H)|φ|2

+γ6(η
†η)|φ|2 + γ7χ

2|φ|2 +
κ

2
[ (H†η)χφ + h.c. ] . (3)

Note that the “λ5 term”, (1/2)λ5(H†η)2, is forbidden by L. The Z2 × Z ′
2- invariant mass

term is

Vm = m2
1H

†H + m2
2η

†η +
1

2
m2

3χ
2 + m2

4|φ|2 +
1

2
m2

5[ φ
2 + (φ∗)2 ] , (4)

where the last term in (4) breaks L softly. This is the only Z2 × Z ′
2- invariant mass term

which can break L softly. In the absence of this term, there will be no neutrino mass. The

charged Higgs, CP even and odd scalars are defined as

H =



 H+

(vh + h + iG)/
√

2



 , η =



 η+

(η0
R + iη0

I )/
√

2



 , φ = (φR + iφI)/
√

2 . (5)

The tree-level masses of the scalars are given by

m2
h = 2λ1v

2
h , m2

η± = m2
2 +

1

2
λ3v

2
h , m2

η0
R

= m2
η0

I
= m2

2 +
1

2
(λ3 + λ4)v

2
h , (6)

m2
φR

= m2
4 + m2

5 + γ5v
2
h , m2

φI
= m2

4 − m2
5 + γ5v

2
h , m2

χ = m2
3 + γ2v

2
h .

A. Stability of the vacuum

The potential Vλ is unbounded below if

λ1 , λ2 , γ1 , γ4 > 0 , (7)

λ3 > −2

3

√
λ1λ2 ,λ3 + λ4 > −2

3

√
λ1λ2 , (8)

γ2 > −1

3

√
λ1γ1 , γ5 > −2

3

√
λ1γ4 , γ3 > −1

3

√
λ2γ1 , (9)

γ6 > −2

3

√
λ2γ4 , γ7 > −1

3

√
γ1γ4 , (10)

λ1 + λ2 +
1

4
γ1 + γ4 −

2

3

(√
λ1λ2 +

1

2

√
λ1γ1 +

√
λ1γ4

+
1

2

√
λ2γ1 +

1

2

√
λ2γ4 +

1

2

√
γ1γ4

)
> |κ| (11)
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FIG. 3: One-loop radiative neutrino mass in the model of Ref. [? ].
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FIG. 1: Two-loop radiative neutrino mass.

F2(x) =
1

6(1 − x)4
(1 − 6x + 3x2 + 2x3 − 6x2 ln x) ,

where the upper bound is taken from [50]. A similar, but slightly weaker bound for τ → µ(e)γ

given in [50] has to be satisfied, too. Since F2(x) ∼ 1/3x for x >> 1, while 1/12 < F2(x) <

1/6 for 0 < x < 1, the constraint can be readily satisfied if Mk << mη± or Mk >> mη± .

2: gµ − 2

The extra contribution to the anomalous magnetic moment of the muon, aµ = (gµ − 2)/2,

is given by [49]

δaµ =
m2

µ

16π2m2
η±

∑

k

Y ν
µkY

ν
µkF2

(
M2

k

m2
η±

)

. (17)

If we assume that |∑k Y ν
µkY

ν
µkF2

(
M2

k
m2

η±

)
| $ |∑k Y ν

µkY
ν
ekF2

(
M2

k
m2

η±

)
|, then we obtain

|δaµ| $ 2.2 × 10−5B(µ → eγ) <∼ 3.4 × 10−11 (18)

if (16) is satisfied, where the upper bound is taken from [51]. So, the constraint from aµ has

no significant influence.

3: Electroweak precision

The electroweak precision measurement requires [51, 52]

∆T $ 0.54

(
mη± − mη0

R

v

) (
mη± − mη0

I

v

)

= 0.02+0.11
−0.12 (19)

for mh = 115 − 127 GeV. Therefore, |mη± − mη0
R
| , |mη± − mη0

I
| <∼ 100 GeV is sufficient to

meet the requirement.
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†H)2 + λ2(η
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†η)(η†H)
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†H)|φ|2

+γ6(η
†η)|φ|2 + γ7χ

2|φ|2 +
κ

2
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THe Z2 x Z2 x L invariant quartic couplings

THe Z2 x Z2 invariant scalar mass terms

that four different representations of Z2 × Z ′
2 are exactly the singlets of the dihedral group

of order 2N , D2N (N = 2, 3, . . .). The Z2 ×Z ′
2 ×L-invariant (or D2N ×L-invariant) Yukawa

couplings of the lepton sector can be described by

LY = Y e
ijH

†Lil
c
j + Y ν

ikLiεηN c
Rk + h.c. (1)

with the Majorana mass term of the right-handed neutrinos N c
Rk (k = 1, 2, 3)

LMaj =
1

2
[ MkN

c
RkN

c
Rk + h.c. ] . (2)

The most general form of the Z2 × Z ′
2 × L-invariant scalar potential is given by

Vλ = λ1(H
†H)2 + λ2(η

†η)2 + λ3(H
†H)(η†η) + λ4(H

†η)(η†H)

+
1

4
γ1χ

4 + γ2(H
†H)χ2 + γ3(η

†η)χ2 + γ4|φ|4 + γ5(H
†H)|φ|2

+γ6(η
†η)|φ|2 + γ7χ

2|φ|2 +
κ

2
[ (H†η)χφ + h.c. ] . (3)

Note that the “λ5 term”, (1/2)λ5(H†η)2, is forbidden by L. The Z2 × Z ′
2- invariant mass

term is

Vm = m2
1H

†H + m2
2η

†η +
1

2
m2

3χ
2 + m2

4|φ|2 +
1

2
m2

5[ φ
2 + (φ∗)2 ] , (4)

where the last term in (4) breaks L softly. This is the only Z2 × Z ′
2- invariant mass term

which can break L softly. In the absence of this term, there will be no neutrino mass. The

charged Higgs, CP even and odd scalars are defined as

H =



 H+

(vh + h + iG)/
√

2



 , η =



 η+

(η0
R + iη0

I )/
√

2



 , φ = (φR + iφI)/
√

2 . (5)

The tree-level masses of the scalars are given by

m2
h = 2λ1v

2
h , m2

η± = m2
2 +

1

2
λ3v

2
h , m2

η0
R

= m2
η0

I
= m2

2 +
1

2
(λ3 + λ4)v

2
h , (6)

m2
φR

= m2
4 + m2

5 + γ5v
2
h , m2

φI
= m2

4 − m2
5 + γ5v

2
h , m2

χ = m2
3 + γ2v

2
h .

A. Stability of the vacuum

The potential Vλ is unbounded below if

λ1 , λ2 , γ1 , γ4 > 0 , (7)

λ3 > −2

3

√
λ1λ2 ,λ3 + λ4 > −2

3

√
λ1λ2 , (8)

γ2 > −1

3

√
λ1γ1 , γ5 > −2

3

√
λ1γ4 , γ3 > −1

3

√
λ2γ1 , (9)

γ6 > −2

3

√
λ2γ4 , γ7 > −1

3

√
γ1γ4 , (10)

λ1 + λ2 +
1

4
γ1 + γ4 −

2

3

(√
λ1λ2 +

1

2

√
λ1γ1 +

√
λ1γ4

+
1

2

√
λ2γ1 +

1

2

√
λ2γ4 +

1

2

√
γ1γ4

)
> |κ| (11)

4

breaks L.



TABLE I: Classification of the models of radiative neutrino mass generation. The radiative seesaw models

are those with the right-handed neutrinos N c
R.

Model L-violating dim. No. of loops N c
R No. of stable DMs

[4] 3 (tri-linear scalar coupling) 1 No 0

[5, 6, 25] 3 (tri-linear scalar coupling) 2 No 0

[19] 3 (tri-linear scalar coupling) 1 No 1

[26] 3 (tri-linear scalar coupling)) 2 Yes 2

[7, 8, 15] 3 (Majorana mass) 3 Yes 1

[9, 11–13] 3 (Majorana mass) 1 Yes 1
[16, 18, 27, 28]

[17] 3 ( Majorana mass) 1 Yes (SU(2)L triplet) 1

[21] 4 (quartic scalar coupling) 1 No 1

[23] No L-violation 1 Yes 0

[22] Spontaneous violation 2 No 1

[24] Spontaneous violation 2 Yes 1

[20] Spontaneous violation 1 Yes 1

[14] 2 (scalar mass) 1 Yes 0

Our model 2 (scalar mass) 2 Yes 2 or 3

TABLE II: The matter content of the model and the corresponding quantum numbers. Z2 × Z ′
2 is the

unbroken discrete symmetry, while the lepton number L is softly broken by the φ mass. D2N (N = 2, 3, . . .)

is the dihedral group of order 2N .

field statistics SU(2)L U(1)Y L Z2 Z ′
2 D2N

(νL, l) F 2 −1/2 1 + + 1

lc F 1 1 1 + + 1

N c
R F 1 1 0 − + 1′′

H = (H+,H0) B 2 1/2 0 + + 1

η = (η+, η0) B 2 1/2 -1 − + 1′′

χ B 1 0 0 + − 1′

φ B 1 0 1 − − 1′′′

II. THE MODEL

The matter content of the model is shown in Table II. The new fields are (in addition

to the right-handed neutrino N c
R): SU(2)L doublet scalar η (L = −1), and singlet scalars

χ (L = 0) and φ (L = 1), where L is the lepton number. Note that L of N c
R is zero and

3

Cold Dark Matter candidates

# of DMs=3:

# of DMs=2:
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(
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assuming throughout that η0
R and χ are DM particles. In this two-component DM system

there are three different thermally averaged cross sections

<σ(η0
Rη0

R; SM)v> , <σ(χχ; SM)v> , <σ(η0
Rη0

R; χχ)v> (29)

that are relevant for calculating the DM relic density, where SM stands for the SM particles.

No semiannihilation η0
Rχ → φR(φI)h is allowed if mφR(I)

> mη0
R

+ mχ − mh. Then the

evolution equation for Y , the number density over the entropy density s, can be written as

[60–62]

dYη0
R

dx
= −0.264 g1/2

∗

[
µMPL

x2

] {
<σ(η0

Rη0
R; SM)v>

(
Yη0

R
Yη0

R
− Ȳη0

R
Ȳη0

R

)

+ <σ(η0
Rη0

R; χχ)v>

(

Yη0
R
Yη0

R
− YχYχ

ȲχȲχ
Ȳη0

R
Ȳη0

R

)}

, (30)

dYχ

dx
= −0.264 g1/2

∗

[
µMPL

x2

] {
<σ(χχ; SM)v>

(
YχYχ − ȲχȲχ

)

− <σ(η0
Rη0

R; χχ)v>

(

Yη0
R
Yη0

R
− YχYχ

ȲχȲχ
Ȳη0

R
Ȳη0

R

)}

, (31)

where Ȳ is Y in equilibrium, x = µ/T , 1/µ = mη0
R

+ 1/mχ, and T,MPL and g∗ = 90 are

the temperature, the Planck mass and the total number of effective degrees of freedom,

respectively.

Before we solve the evolution equations numerically, we consider what we would expect.

As noticed the relic density of η0
R will be very small because of large λ3 (i.e. large <

σ(η0
Rη0

R; SM)v>), while the annihilation cross section of χ into the SM particles is suppressed

because of (27) (i.e. small < σ(χχ; SM)v >). That is, the DM conversion cross section

< σ(η0
Rη0

R; χχ)v > will play an important role in addition to the mass deference ∆mηχ =

mη0
R
− mχ; the smaller ∆mηχ is, the larger is its effect on Ωχ. To see this more explicitly,

we assume that η0
R annihilates (or decays) very fast so that at the decoupling of χ the η0

R is

in thermal equilibrium. Then the expression in { } in the rhs of (31) can be written as







<σ(χχ; SM)v> + <σ(η0
Rη0

R; χχ)v> exp 2(
m2

χ − m2
η0

R

mχmη0
R

)x




(
YχYχ − ȲχȲχ

)



 . (32)

Since m2
χ−m2

η0
R

< 0, the effective annihilation cross section of χ is large at hight temperature

(small x), while it is small at low temperature (large x). Because of the nontrivial interplay

between γ2 and ∆mηχ, it may be possible to obtain a correct relic density ΩT h2 = 0.1157±
0.0023 [63]. In Fig. we show the area satisfying ΩT = 0.1157 ± 0.0023 in the γ2 − mη0

R

plane, where we have fixed the parameters as 3

λ1 = 0.129 , λ3 = −1.0 , λ4 = −0.0244 , γ3 = 10.0 , (33)

mη± = mη0
I

= mη0
R

+ 5 GeV , mχ = 130 GeV , (34)

3 The approximation (32) is not used.
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FIG. 4: χχ → νν and χ̄χ̄ → νν.
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FIG. 5: χχ → νν and χ̄χ̄ → νν.
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FIG. 6: χχ → νν and χ̄χ̄ → νν.
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h
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(2γ2, λ3)vh
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W, Z

η0
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η0
R

η+, η0
I

W, Z

W, Z

+ · · ·

FIG. 4: Tree-level DM annihilations into W+W− and ZZ.

element [55]. The cross sections have to satisfy

(
σ(χ)

σUB(mχ)

) (
Ωχh2

ΩT h2

)

+



 σ(η0
R)

σUB(mη0
R
)




(

Ωηh2

ΩT h2

)
<∼ 1 , (26)

where ΩT h2 = 0.116 and σUB(m) " 3 × 10−45 cm2 [56] is the XENON100 limit for the DM

mass of 130 GeV. So, we find

|γ2| <∼ 0.017 if Ωχ " ΩT = 0.116 and mχ = 130 GeV , (27)

|λ3 + λ4| <∼ 0.066 if Ωη " ΩT = 0.116 and mη0
R

= 130 GeV . (28)

Because of (24) we have to assume a large negative λ3, and, because of m2
η±−m2

η0
R

= −λ4v2
h/2,

λ4 has to be negative, too, to ensure mη± > mη0
R
. If λ4 is negative and in addition λ3 is

large and negative, the inequality (12) may be violated, unless λ4 is small and negative.

This means λL " λ3, implying that (28) can not be satisfied. Therefore, the relic density of

η0
R has to be small to satisfy the constraint (26). This is welcome, because the annihilation

cress section of η0
R is large in general due to the gauge interactions shown in Fig. 4 [57–59].

Thus, the parameter space is further constrained to:

1. λ4 has to be negative and small to ensure mη± > mη0
R

and to satisfy the inequality

(26),

2. since λ3 is assumed to be large and negative (see (24)), the constraint (26) can be

satisfied only if Ωη/ΩT << 1, and

3. to satisfy the XENON100 constraint we have to impose |γ2| <∼ 0.066 for mχ = 130

GeV

C. Relic densities of DM

Since our parameter space has been already constrained to a certain amount, we next

calculate the relic density of DM, ΩT = Ωχ + Ωη. To simplify the situation we have been

9
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1
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FIG. 5: The effective annihilation cross section (the expression in [ ] of (36)) as a function of x = µ/T for

mη0
R

= 148 (doddted), 153 (solid), and 156(dashed) GeV with mχ fixed at 135 GeV.

(35) can be written as


<σ(χχ; SM)v> + <σ(η0
Rη0

R; χχ)v> exp 2(
m2

χ − m2
η0

R

mχmη0
R

)x




(
YχYχ − ȲχȲχ

)
, (36)

which also appears in the co-annihilation of DM with an unstable particle [40] 4. If m2
χ −

m2
η0

R
< 0, the effective annihilation cross section of χ is large at high temperature (small x),

while it is small at low temperature (large x). Because of the nontrivial interplay between γ2

and ∆mηχ, it may be possible to obtain a correct relic density ΩT h2 = 0.1157± 0.0023 [52].

In Fig. 5 we show the effective annihilation cross section (the expression in [ ] of (36)) as a

function of x = µ/T for mη0
R

= 148 (doddted), 153 (solid), and 156(dashed) GeV, where we

have fixed the parameters as

λ1 = 0.129 , λ3 = −1.26 , λ4 = −0.0205 , γ3 = 11.3 , (37)

mη± = mη0
I

= mη0
R

+ 4 GeV , mχ = 135 GeV , (38)

the mass of the right-handed neutrino masses, Mk, are all 1 TeV and the Yukawa couplings

are chosen to yield
∑

ik |Y ν
ik|2 = (10−4)2. The Higgs couplings λ2, γ1 and γ4 do not enter into

the cross sections (33), and γ5, γ6, γ7 and κ are irrelevant because φ is much heavier than η

and χ. The cross section is normalized to 10−26 cm3s−1, because it is the size to obtain the

observed relic density of DM. As we see from Fig. 5 the cross section around the decoupling

temperature x ∼ 20 has a correct size and decreases by about an order of magnitude at low

temperature.

4 The mechanism has been also used in the model of [51] explaining the monochromatic γ at the Fermi
LAT. But the light charged Higgs faces a problem in explaining the neutrino mass.
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* The first bonus:
Fermi-LAT 135 GeV gamma-ray line

Fermi-LAT is measuring gamma rays coming 
from the universe since 2008.

III Bonus

LAT Collaboration, arXiv:1205.2739; etc



If the data from the whole sky is included:



However , if you look at the center of the 
galaxy, something more interesting is going on.            

Wenider, arXiv:1204.2797;
 Bringmann et al,arXiv:1203.1312; etc

Galactic Coordinates

l: longitude

b: latitude

The center: l=b=0

Equator



Figure 1. Left panel: The black lines show the target regions that are used in the present analysis in
case of the SOURCE event class (the ULTRACLEAN regions are very similar). From top to bottom,
they are respectively optimized for the cored isothermal, the NFW (with α = 1), the Einasto and the
contracted (with α = 1.15, 1.3) DM profiles. The colors indicate the signal-to-background ratio with
arbitrary but common normalization; in Reg2 to Reg5 they are respectively downscaled by factors
(1.6, 3.0, 4.3, 18.8) for better visibility.
Right panel: From top to bottom, the panels show the 20–300 GeV gamma-ray (+ residual CR)
spectra as observed in Reg1 to Reg5 with statistical error bars. The SOURCE and ULTRACLEAN
events are shown in black and magenta, respectively. Dotted lines show power-laws with the indicated
slopes; dashed lines show the EGBG + residual CRs. The vertical gray line indicates E = 129.0 GeV.
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where 2� lnL = �⇧2 and the number of degrees of freedom (d.o.f.) is the number of fit parameters.
Next, we use this statistical procedure to show that the photon spectrum in the region of interest

is consistent with the presence of a photon line. For now, we assume that the photon continuum
does not contribute to the signal, reserving the case where Nann > 0 for the next section. Scanning
over m⇥ and

⇤�Z/�� � arctan
N�Z

N��
, (6)

while maximizing over �,⇥, and N�� , we find that the best fit point corresponds to

�
m⇥/GeV,�,⇥, N�� , ⇤�Z/��

⇥
max

= {130, 2.67, 0.88, 30.3, 0} (unmasked);

(7)
�
m⇥/GeV,�,⇥, N�� , ⇤�Z/��

⇥
max

= {130, 2.62, 0.80, 31.6, 0} (masked),

where masked (unmasked) refers to removing (including) data within 1 degree of the Galactic
Center. The significance of the best fit point relative to the null model (power-law background) is
5.5 ⌅ for both the masked and unmasked cases, not including look-elsewhere.4 Masking a 1 degree
radius circle around the Galactic Center has little e⇥ect on the best fit dark matter parameters,
though it prefers more shallow power-law backgrounds. From this point onwards, we will only
consider the masked data.

Figure 1 shows the spectrum of photon counts in the region of interest. The solid red line
corresponds to the best fit model in Eq. (7) obtained by maximizing the likelihood function over
the energy range from 5–200 GeV. The spectrum is well-characterized by a single falling power-law
and a peak at 130 GeV comprised of ⇥30 photons.

101 102102
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102102
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E� �GeV⇥

C
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FIG. 1: Photon counts within 3� degrees of the Galactic Center with the inner degree masked. The solid
red line shows the best fit model given in Eq. (7), assuming no continuum contribution. The dashed
black line shows the continuum spectrum for a 130 GeV dark matter annihilating into W+W� (arbitrary
normalization); the spectrum for Z0Z0 is indistinguishable.

4 The best fit null model is {�,⇥}null = {2.65, 0.95} for the unmasked case and {�,⇥}null = {2.58, 0.87} for the
masked case.
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looking at the center more in detail.
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The vertical line is the upper bound of γ2 set by the XENON 100 experiment (27).
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FIG. 7: One-loop diagrams for χχ → γγ.

line [41, 42, 45, 46] observed at the Fermi LAT [37–40]. There exist also s-channel diagrams

with the SM Higgs propagator as shown in Fig. 8. (A similar idea has been proposed in a two

Higgs doublet model with a scalar DM [47].) The hχχ coupling is proportional to γ2, while

hη0
Rη0

R coupling is proportional to λ3. The annihilation cross section σ(η0
Rη0

R → γγ) is large,

because λ3 is large (see (23) and (24)) 4. Besides, due to the gauge interactions (see the right

diagram of Fig. 4) the relic density of η0
R is very small so that the annihilation of the η0

R DM

can not contribute to the monochromatic γ-ray; Ωη/ΩT σ(η0
Rη0

R → γγ) is the effective cross

section 5. Furthermore, because of the same reason, the tree level annihilations of η0
R into

a pair of W ’s and Z’s, which would contribute to the continuum γ-ray spectrum, are also

suppressed. In contrast to this case, the pure gauge interaction (the right diagram of Fig. 4)

is absent for the annihilation of χ. The entire annihilations of χ into the SM particles are

4 In [48], σ(η0
Rη0

R → γγ) is used to explain the 130 GeV γ-ray line, where a fine-tuned cancellation mecha-
nism to suppress the total annihilation cross section of η0

R [59] is employed
5 See [49, 50] for other approaches using a two-component DM system to explain the 130 GeV γ-ray line
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How to realize a large 
at the freeze out,  while suppressing
 in the galaxy, i.e. at low temperature.

h

χ, η0
R

χ, η0
R

(2γ2, λ3)vh

W, Z

W, Z

η0
R

η0
R

η+, η0
I

W, Z

W, Z

+ · · ·

FIG. 4: Tree-level DM annihilations into W+W− and ZZ.

element [55]. The cross sections have to satisfy

(
σ(χ)

σUB(mχ)

) (
Ωχh2

ΩT h2

)

+



 σ(η0
R)

σUB(mη0
R
)




(

Ωηh2

ΩT h2

)
<∼ 1 , (26)

where ΩT h2 = 0.116 and σUB(m) " 3 × 10−45 cm2 [56] is the XENON100 limit for the DM

mass of 130 GeV. So, we find

|γ2| <∼ 0.017 if Ωχ " ΩT = 0.116 and mχ = 130 GeV , (27)

|λ3 + λ4| <∼ 0.066 if Ωη " ΩT = 0.116 and mη0
R

= 130 GeV . (28)

Because of (24) we have to assume a large negative λ3, and, because of m2
η±−m2

η0
R

= −λ4v2
h/2,

λ4 has to be negative, too, to ensure mη± > mη0
R
. If λ4 is negative and in addition λ3 is

large and negative, the inequality (12) may be violated, unless λ4 is small and negative.

This means λL " λ3, implying that (28) can not be satisfied. Therefore, the relic density of

η0
R has to be small to satisfy the constraint (26). This is welcome, because the annihilation

cress section of η0
R is large in general due to the gauge interactions shown in Fig. 4 [57–59].

Thus, the parameter space is further constrained to:

1. λ4 has to be negative and small to ensure mη± > mη0
R

and to satisfy the inequality

(26),

2. since λ3 is assumed to be large and negative (see (24)), the constraint (26) can be

satisfied only if Ωη/ΩT << 1, and

3. to satisfy the XENON100 constraint we have to impose |γ2| <∼ 0.066 for mχ = 130

GeV

C. Relic densities of DM

Since our parameter space has been already constrained to a certain amount, we next

calculate the relic density of DM, ΩT = Ωχ + Ωη. To simplify the situation we have been
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To make the continuum gammas small:
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assuming throughout that η0
R and χ are DM particles. In this two-component DM system

there are three different thermally averaged cross sections

<σ(η0
Rη0

R; SM)v> , <σ(χχ; SM)v> , <σ(η0
Rη0

R; χχ)v> (29)

that are relevant for calculating the DM relic density, where SM stands for the SM particles.

No semiannihilation η0
Rχ → φR(φI)SM is allowed if mφR(I)

> mη0
R

+ mχ. Then the evolution

equation for Y , the number density over the entropy density s, can be written as [60–62]

dYη0
R

dx
= −0.264 g1/2

∗

[
µMPL

x2

] {
<σ(η0

Rη0
R; SM)v>

(
Yη0

R
Yη0

R
− Ȳη0

R
Ȳη0

R

)

+ <σ(η0
Rη0

R; χχ)v>

(

Yη0
R
Yη0

R
− YχYχ

ȲχȲχ
Ȳη0

R
Ȳη0

R

)}

, (30)

dYχ

dx
= −0.264 g1/2

∗

[
µMPL

x2

] {
<σ(χχ; SM)v>

(
YχYχ − ȲχȲχ

)

− <σ(η0
Rη0

R; χχ)v>

(

Yη0
R
Yη0

R
− YχYχ

ȲχȲχ
Ȳη0

R
Ȳη0

R

)}

, (31)

where Ȳ is Y in equilibrium, x = µ/T , 1/µ = mη0
R

+ 1/mχ, and T,MPL and g∗ = 90 are

the temperature, the Planck mass and the total number of effective degrees of freedom,

respectively.

Before we solve the evolution equations numerically, we consider what we would expect.

As noticed the relic density of η0
R will be very small because of large λ3 and gauge interactions

(i.e. large <σ(η0
Rη0

R; SM)v>), while the annihilation cross section of χ into the SM particles

is suppressed because of (27) (i.e. small <σ(χχ; SM)v>). That is, the DM conversion cross

section <σ(η0
Rη0

R; χχ)v> and the mass deference ∆mηχ = mη0
R
−mχ will play an important

role. Note that the smaller ∆mηχ is, the larger is the effect of the DM conversion on Ωχ. To

see this more explicitly, we assume that η0
R annihilates very fast so that before and at the

decoupling of χ the η0
R is in thermal equilibrium. Then the expression in { } in the rhs of

(31) can be written as


<σ(χχ; SM)v> + <σ(η0
Rη0

R; χχ)v> exp 2(
m2

χ − m2
η0

R

mχmη0
R

)x




(
YχYχ − ȲχȲχ

)
. (32)

Since m2
χ−m2

η0
R

< 0, the effective annihilation cross section of χ is large at hight temperature

(small x), while it is small at low temperature (large x). Because of the nontrivial interplay

between γ2 and ∆mηχ, it may be possible to obtain a correct relic density ΩT h2 = 0.1157±
0.0023 [63]. In Fig. (5) we show the effective annihilation cross section (the expression in [

] of (32)) as a function of x = µ/T for mη0
R

= 140 (doddted), 145 (solid), and 150(dashed)

GeV, where we have fixed the parameters as

λ1 = 0.129 , λ3 = −1.0 , λ4 = −0.0244 , γ3 = 10.0 , (33)

mη± = mη0
I

= mη0
R

+ 5 GeV , mχ = 130 GeV , (34)
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2

DM conversion

temperature dependent cross section:

Model L-violating dim. No. of loops νR No. of stable DMs

Our model 2 (scalar mass) 2 Yes 2 or 3

Model L-violating dim. No. of loops νR No. of stable DMs

[1] 3 (tri-linear scalar coupling) 1 No 0

[2, 3, 21] 3 (tri-linear scalar coupling) 2 No 0

[15] 3 (tri-linear scalar coupling) 1 No 1

[22] 3 (tri-linear scalar coupling)) 2 Yes 2

[4, 5, 11] 3 (Majorana mass) 3 Yes 1

[6–9, 12, 14, 23, 24] 3 (Majorana mass) 1 Yes 1

[13] 3 ( Majorana mass) 1 Yes (SU(2)L triplet) 1

[17] 4 (quartic scalar coupling) 1 No 1

[19] No L-violation 1 Yes 0

[18] Spontaneous violation 2 No 1

[20] Sponataneos violation 2 Yes 1

[16] Spontaneous violation 1 Yes 1

[10] 2 (scalar mass) 1 Yes 0

Our model 2 (scalar mass) 2 Yes 2 or 3

mχ = 135 GeV (1)

mη0
R

=






148

153

156

GeV (2)

(η, χ, φ) (N c
R, χ, φ) (η, χ) (χ, φ)

mν ∼
(

κ

16π2

)2 m2
D

MR
∼ 10−7 m2

D
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ΩTh2(# Ωχh
2) = 0.1157 ± 0.0046 (2σ)
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FIG. 5: The effective annihilation cross section (the expression in [ ] of (36)) as a function of x = µ/T for

mη0
R

= 148 (dotted), 153 (solid), and 156(dashed) GeV with mχ fixed at 135 GeV.

(35) can be written as


<σ(χχ; SM)v> + <σ(η0
Rη0

R; χχ)v>
m3

η0
R

m3
χ

exp 2(
m2

χ − m2
η0

R

mχmη0
R

)x




(
YχYχ − ȲχȲχ

)
, (36)

which also appears in the co-annihilation of DM with an unstable particle [40] 4. If m2
χ −

m2
η0

R
< 0, the effective annihilation cross section of χ is large at high temperature (small x),

while it is small at low temperature (large x). Because of the nontrivial interplay between

γ2 and ∆mηχ, it may be possible to obtain a correct relic density ΩT h2 = 0.1157 ± 0.0023

[52]. In Fig. 5 we show the effective annihilation cross section (the expression in [ ] of (36))

as a function of x = µ/T for mη0
R

= 148 (dotted), 153 (solid), and 156(dashed) GeV, where

we have fixed the parameters as

λ1 = 0.129 , λ3 = −1.26 , λ4 = −0.0205 , γ3 = 11.3 , (37)

mη± = mη0
I

= mη0
R

+ 4 GeV , mχ = 135 GeV , (38)

the mass of the right-handed neutrino masses, Mk, are all 1 TeV and the Yukawa couplings

are chosen to yield
∑

ik |Y ν
ik|2 = (10−4)2. The Higgs couplings λ2, γ1 and γ4 do not enter into

the cross sections (33), and γ5, γ6, γ7 and κ are irrelevant because φ is much heavier than η

and χ. The cross section is normalized to 10−26 cm3s−1, because it is the size to obtain the

observed relic density of DM. As we see from Fig. 5 the cross section around the decoupling

temperature x ∼ 20 has a correct size and decreases by about an order of magnitude at low

temperature.

4 The mechanism has been also used in the model of [51] explaining the monochromatic γ at the Fermi
LAT. But the light charged Higgs faces a problem in explaining the neutrino mass.
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vσ(χχ → SM) " 8.0 × 10−29 cm3s−1 , Rth
SM " 0.06 , (47)

vσ(χχ → W+W−) " 3.9 × 10−29 cm3s−1 , Rth
W " 0.03 , (48)

vσ(χχ → ZZ) " 1.7 × 10−29 cm3s−1 , Rth
Z " 0.01 , (49)

vσ(χχ → hh) " 2.5 × 10−29 cm3s−1 , Rh
f " 0.02 , (50)

vσ(χχ → ff̄) " 1.1 × 10−31 cm3s−1 , Rth
f " 10−4 . (51)

These values of Rth satisfy the supersaturation constraint as well as the shape constraint

of [54] (see also [53]) 7. Furthermore, there are constraints coming from the anti-proton-to-

proton flux observed by the PAMELA [56]. Anti-protons can be produced by the DM decay

into the gauge bosons, Higgs and quarks. To explain the PAMELA data, these productions

have to be suppressed. As we see from (47)- (50), they are sufficiently suppressed [57]. So, the

model could explain the monochromatic γ line observed at the Fermi LAT if γ3/4π ∼ O(1),

which is at the border of perturbation theory.

IV. CONCLUSION

In this paper we have proposed a non-supersymmetric model of two-loop radiative seesaw,

in which the lepton number is softly broken by a dimension two operator, and the tree-level

Dirac mass is forbidden by Z2 × Z ′
2. This discrete symmetry is used to stabilize two or

three dark matter particles. The model contains, in addition to the SM Higgs, an inert

SU(2)L doublet scalar η and two inert singlet scalars φ and χ, and this is a minimal set.

We have considered the SM Higgs decay into two γ’s and found that it is enhanced by

η+ circulating in one-loop diagrams for h → γγ. η+ is also circulating in similar one-loop

diagrams contributing to χχ → γγ, and we have found that the model has a potential to

explain the Fermi-LAT 135 GeV γ-ray line.

The mechanism to explain the Fermi-LAT 135 GeV γ-ray line in the present model

is strongly based the fact that there are at least two particles, particles (which can be

DMs, too) and one DM particle of similar masses. Let us briefly outline the mechanism.

Annihilation (or decay) of DM into γ’s happens always at the loop-level. Those into the SM

particles, i.e. W , Z, Higgs pairs etc, are usually possible at the tree-level, and they produce

continuum γ rays as well as anti-protons. To explain the 135 GeV γ-ray line, we have to

7 The above values given in (45), (47)-(51) are obtained without one-loop corrections. Strictly speaking,
we should include the one-loop corrections, because the tree-level contributions are so small that the one-
loop corrections may be larger than the tree-level corrections. If the one-loop correction would change γ2

effectively by an order of magnitude, then the annihilation cross sections (47)-(51) would change by two
orders of magnitude. Even in this case, the supersaturation constraint and shape constraint would be
satisfied. Further, to obtain a realistic relic abundance for the χ DM, its mass should be slightly increased
as one can see from Fig. 6. The one-loop analysis is beyond the scope of the present paper, and we will
leave it for our future project.
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* Yet another bonus:

SMσ/σBest fit 
-1 0 1 2 3

 bb→H 

ττ →H 

 WW→H 

 ZZ→H 

γγ →H 

CMS -1 = 8 TeV, L = 5.3 fbs  -1 = 7 TeV, L = 5.1 fbs

 = 125.5 GeVH m

Charged Higgs contributes:
σγZ/σγγ σW+W−/(2σγγ + σγZ)

σMCDM/σSM = 1.6 ± 0.4

γ2 Ωη W+W− , ZZ , Zγ

vσ(DMDM → γγ) ∼
(

λ

4π

)2 1

π

1

m2
DM



 e2

16π2




2

$ 1.3
(

λ

4π

)2
× 10−26 cm3s−1

for mDM = 130 GeV

vσ(DMDM → γγ) $ 10−27 cm3s−1

vσ(DMDM → SM), i.e.vσ(DMDM → W+W−) etc

<∼ 10 × vσ(DMDM → γγ) ∼ 10−26 cm3s−1 (1)

vσ(DMDM) $ 10−26 cm3s−1

ΩTh2 = 0.116

Vλ = λ1(H
†H)2 + λ2(η

†η)2 + λ3(H
†H)(η†η) + λ4(H

†η)(η†H)

+
1

4
γ1χ

4 + γ2(H
†H)χ2 + γ3(η

†η)χ2 + γ4|φ|4 + γ5(H
†H)|φ|2

+γ6(η
†η)|φ|2 + γ7χ

2|φ|2 +
κ

2
[ (H†η)χφ + h.c. ] . (2)

Note that the “λ5 term”, (1/2)λ5(H†η)2, is forbidden by L. The

Z2 × Z ′
2- invariant mass term is

Vm = m2
1H

†H + m2
2η

†η +
1

2
m2

3χ
2 + m2

4|φ|2 +
1

2
m2

5[ φ
2 + (φ∗)2 ] , (3)
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FIG. 3: One-loop diagrams for h → γγ.

B. Direct Detection of DM

As we can see from Table II, either (one of) N c
R or (one of ) η can be a DM candidate.

Here we assume that η0
R, the CP even component of η, is a DM and assume that Mk >>

mη0
R

, mη0
I

, mη± to satisfy the µ → eγ constraint (16). The model can have three stable

DM particles in principle, but to simplify the situation we assume a two-component DM

system. Another one is either χ or (one of) φ. As we see from the potential (3), there is no

significant difference between χ and φ as DM. So we assume here that χ is the second DM

particle.

The spin-independent elastic cross section off the nucleon σ(χ(η0
R)) is given by [54]

σ(χ(η0
R)) =

1

π



γ2(λL/2)f̂mN

mχ(η0
R)m

2
h




2 


mNmχ(η0

R)

mN + mχ(η0
R)




2

, (25)

where λL = λ3 + λ4, mN is the nucleon mass, and f̂ ∼ 0.3 stems from the nucleonic matrix
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FIG. 7: One-loop diagrams for χχ → γγ.

line [41, 42, 45, 46] observed at the Fermi LAT [37–40]. There exist also s-channel diagrams

with the SM Higgs propagator as shown in Fig. 8. (A similar idea has been proposed in a two

Higgs doublet model with a scalar DM [47].) The hχχ coupling is proportional to γ2, while

hη0
Rη0

R coupling is proportional to λ3. The annihilation cross section σ(η0
Rη0

R → γγ) is large,

because λ3 is large (see (23) and (24)) 4. Besides, due to the gauge interactions (see the right

diagram of Fig. 4) the relic density of η0
R is very small so that the annihilation of the η0

R DM

can not contribute to the monochromatic γ-ray; Ωη/ΩT σ(η0
Rη0

R → γγ) is the effective cross

section 5. Furthermore, because of the same reason, the tree level annihilations of η0
R into

a pair of W ’s and Z’s, which would contribute to the continuum γ-ray spectrum, are also

suppressed. In contrast to this case, the pure gauge interaction (the right diagram of Fig. 4)

is absent for the annihilation of χ. The entire annihilations of χ into the SM particles are

4 In [48], σ(η0
Rη0

R → γγ) is used to explain the 130 GeV γ-ray line, where a fine-tuned cancellation mecha-
nism to suppress the total annihilation cross section of η0

R [59] is employed
5 See [49, 50] for other approaches using a two-component DM system to explain the 130 GeV γ-ray line
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IV Conclusion

1 A Two-loop seesaw model is proposed;

* L is softly violated by a dim. 2 operator,

* Z_2 x Z_2 is the unbroken symmetry, and

* the Higgs sector is minimal.

2 With                  as DM the model has 
    a potential to explain:

*135 GeV gamma-ray line observed 
   at the Fermi LAT and
*enhancement of                    observed at LHC.
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We may assume without loss of generality that the right handed neutrino mass matrix is

diagonal and real. As far as the light neutrino masses, which are generated radiatively, are

concerned, the last additional interaction term in Eq. (18) has no influence. So the neutrino

phenomenology is the same as in the original model. The most general form of the Z2 × Z ′
2

invariant scalar potential can be written as

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 , (20)

from which we obtain the masses of the inert Higgs fields:

m2
η± = m2

2 + λ3v
2/2 (21)

m2
η0

R
= m2

2 + (λ3 + λ4 + λ5)v
2/2 = m2

2 + λLv2/2 (22)

m2
η0

I
= m2

2 + (λ3 + λ4 − λ5)v
2/2 , (23)

m2
φ = m2

3 + λ7v
2/2 . (24)

Here, 〈H〉 = v/
√

2 is the Higgs VEV, and η0 = (η0
R + iη0

I )/
√

2. At this stage we have

assumed that

〈H〉 = v/
√

2, 〈η〉 = 〈φ〉 = 0 (25)

correspond to the absolute minimum. (The sufficient condition for the absolute minimum

of Eq. (20) is given below.) As we can see from Table III, the cold DM candidates are

N c
k , η

0
R, η0

I , χ and φ, where η0
R as dark matter in the original model has been discussed in

detail in [41–43]. To proceed, we assume that the mass relations

Mk >> mη± ,mη0
I

> mη0
R

> mφ,mχ and mη0
R

< mφ + mχ (26)

are satisfied.4 These relations are chosen because we would like to meet the following

requirements:

1. µ → e γ

The constraint coming from µ → eγ is given by [55]

B(µ → eγ) =
3α

64π(GF m2
η±)2

∣∣∣∣∣
∑

k

Y ν
µkY

ν
ekF2

(
M2

k

m2
η±

)∣∣∣∣∣

2

<∼ 2.4 × 10−12 , (27)

F2(x) =
1

6(1 − x)4
(1 − 6x + 3x2 + 2x3 − 6x2 ln x) ,

4 The possibility mη0
I

< mη0
R

does not give any new feature of the model.
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where the upper bound is taken from [56]. A similar, but slightly weaker bound for τ → µ(e)γ

given in [56] has to be satisfied, too. Since F2(x) ∼ 1/3x for x >> 1, while 1/12 < F2(x) <

1/6 for 0 < x < 1, the constraint can be readily satisfied if Mk << mη± or Mk >> mη± .

2. gµ − 2

The extra contribution to the anomalous magnetic moment of the muon, aµ = (gµ − 2)/2,

is given by [55]

δaµ =
m2

µ

16π2m2
η±

∑

k

Y ν
µkY

ν
µkF2

(
M2

k

m2
η±

)

. (28)

If we assume that |∑k Y ν
µkY

ν
µkF2

(
M2

k
m2

η±

)
| $ |∑k Y ν

µkY
ν
ekF2

(
M2

k
m2

η±

)
|, then we obtain

|δaµ| $ 2.2 × 10−5B(µ → eγ) <∼ 3.4 × 10−11 (29)

if Eq. (27) is satisfied, where the upper bound is taken from [57]. So, the constraint from
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and (11) is relaxed to

λ1 + λ2 + γ1 +
7∑

i=2

γi − 2
√

λ1λ2 > |κ| . (13)

Since mh = 125 GeV and vh = 246 GeV, the Higgs coupling λ1 is fixed at 0.129. Then (12)

implies that

λ3 , λ3 + λ4 > −2.5
√

λ2/4π. (14)

B. Neutrino mass

The neutrino masses can be generated at the two-loop level as shown in Fig. 1. The

mechanism of the radiative generation is the following. Because of the soft breaking of the

dimension two operator φ2, the propagator between φ and φ can exist. This can generate a

η0η0 mass term. In the one-loop radiative seesaw model of [8] this mass is generated at the

tree-level through the “λ5” coupling. So the effective λeff
5 is

λeff
5 = − κ2

64π2

[
m2

φI

m2
φI

− m2
χ

ln
m2

φI

m2
χ

−
m2

φR

m2
φR

− m2
χ

ln
m2

φR

m2
χ

]

. (15)

Therefore, λeff
5 can not be large within the framework of perturbation theory (λeff

5
<∼

O(10−3)). The two-loop neutrino mass matrix is calculated to be

(Mν)ij =
(

1

16π2

)2 κ2v2
h

8

∑

k

Y ν
ikY

ν
jk

∫ ∞

0
dx{ B0(−x,mχ,mφR) − B0(−x,mχ,mφI ) }

× x

(x + m2
η)

2(x + M2
k )

for mη = mη0
R
$ mη0

I
(16)

∼ −λeff
5 v2

h

∑

k

Y ν
ikY

ν
jk

16π2Mk

(

ln
(mη0

R

Mk

)2

+ 1

)

for mη << Mk , (17)

where

i

16π2
B0(p

2,m1, m2) =
∫ dDk

(2π)D

1

(k2 − m2
1 + iε)((k + p)2 − m2

2 + iε)
, (18)

and to obtain (17) we have used the one-loop mass formula with the effective coupling (15)
3. Therefore, the scale of the light neutrino mass will be

κ2

64π2

1

16π2

m2
D

M
∼

(
κ

0.1

)2

10−7 × m2
D

M
, (19)

where m2
D/M is the scale in the case of the tree-level Type-I seesaw. This means that we

can scale down the mass of the right-handed neutrino by seven orders of magnitude. So, the

right-handed neutrino masses of TeV or less are naturally expected in this model.

3 There is O(1) correction to the approximate formula (17) which we have checked numerically.
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Coupled Boltzmann eqs.

standard

conversion

semi-annihilation

XX

X

D‘Eramo+Thaler, 11, Belanger,Kannike, Pukov+Raidal,12; 
Aoki, Duerr, Kubo+Takano, 12.

and we obtain for the number per comoving volume Yi = ni/s:

dYi

dx
= −0.264 g1/2

∗

[
µMPL

x2

] {
<σ(ii; XiX

′
i)v>

(
YiYi − ȲiȲi

)

(7)

+
∑

i>j

<σ(ii; jj)v>

(

YiYi −
YjYj

ȲjȲj
ȲiȲi

)

−
∑

j>i

<σ(jj; ii)v>
(
YjYj −

YiYi

ȲiȲi
ȲjȲj

)

(8)

+
∑

j,k

<σ(ij; kXijk)v>
(
YiYj −

Yk

Ȳk
ȲiȲj

)
−

∑

j,k

<σ(jk; iXjki)v>
(
YjYk −

Yi

Ȳi
ȲjȲk

) }
, (9)

where µ = (
∑

i m
−1
i )−1 is the reduced mass of the system. To arrive at (7)

we have used: s = (2π2/45)g∗T 3 , H = 1.66 × g1/2
∗ T 2/MPL, where H is the Hubble

constant, and s is the entropy density.

4

where PSI stands for ”phase space integral of (2π4)δ4(momenta)×”, M is the matrix element

of the corresponding process, we have assumed that

mi ≥ mj for i > j and mXi ,mX′
i
,mXijk

<< ml for i, j, k, l . (7)

Using the notion of the thermally-averaged cross section,

< σ(ii, XiXi)v > =
1

n̄in̄i
PSI|M(ii,XiXi)|2f̄if̄i , (8)

and the dimensionless inverse temperature x = µ/T , and we obtain for the number per

comoving volume Yi = ni/s:

dYi

dx
= −0.264 g1/2

∗

[
µMPL

x2

] {
<σ(ii; XiXi)v>

(
YiYi − ȲiȲi

)

(9)

+
∑
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ȲjȲj
ȲiȲi

)

−
∑

j<i
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ȲjȲj

)

(10)

+
∑
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Yk

Ȳk
ȲiȲj
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)


 ,(11)

where µ = (
∑

i m
−1
i )−1 is the reduced mass of the system. To arrive at (10) we have used:

s = (2π2/45)g∗T 3 , H = 1.66 × g1/2
∗ T 2/MPL, where H is the Hubble constant, and s is the

entropy density.

We will integrate this system of coupled non-linear differential equations numerically.

Before we apply the Boltzmann equation (10) for a concrete DM model, we discuss below

the cases of K = 2 and 3 simply assuming fictitious values of the thermally-averaged cross

sections and DM masses mi.

A. Two-component DM system

Before we come to one of our main interest of three-component DM system, we first

consider the K = 2 case with Z2 × Z2 symmetry. In this case there are three different

thermally-averaged cross sections. No semi-annihilation (2) is allowed due to Z2 ×Z2
∗. We

further assume that there are only S wave contributions to < σv > and Xi (i = 1, 2) are

massless while m1 ≥ m2:

<σ(11; X1X1)v> = σ0,1 × 10−9 GeV−2 , <σ(22; X2X2)v>= σ0,2 × 10−9 GeV−2 ,

<σ(11; 22)v> = <σ(22; 11)v>= σ0,12 × 10−9 GeV−2 . (12)

∗ In Refs. [16, 21], the Z4 case is discussed in detail. In this case there exists two independent DM particles,
because due of CP invariance the anti-particle is not an independent degree of freedom in the Boltzmann
equation. The semi-annihilation is allowed in this case.
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ȲiȲj

)
−

∑

j,k

<σ(jk; iXjki)v>
(
YjYk −

Yi

Ȳi
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C. Three-component DM system

As we have noticed, the K = 3 case is possible even for Z2 ×Z2 symmetry if the decay of

χi is kinematically forbidden. In this case there are nine different thermally-averaged cross

sections, if we assume that m1 ≥ m2 ≥ m3 and mi + mj > mk:

<σ(ii; XiXi)v> = σ0,i × 10−9 GeV−2 , <σ(11; 22)v>= σ0,12 × 10−9 GeV−2 ,

<σ(11; 33)v> = σ0,13 × 10−9 GeV−2 , <σ(22; 33)v>= σ0,23 × 10−9 GeV−2 ,

<σ(12; 3X123)v> = σ0;123 × 10−9 GeV−2 , <σ(23; 1X231)v>= σ0,231 × 10−9 GeV−2 ,

<σ(31; 2X312)v> = σ0,312 × 10−9 GeV−2 . (13)

Eq. (9) becomes then

dY1

dx
= −0.264 g1/2

∗

[
µMPL

x2

] {
<σ(11; X1X1)v>

(
Y1Y1 − Ȳ1Ȳ1

)

+ <σ(11; 22)v>
(
Y1Y1 −

Y2Y2

Ȳ2Ȳ2
Ȳ1Ȳ1

)
+ <σ(11; 33)v>

(
Y1Y1 −

Y3Y3

Ȳ3Ȳ3
Ȳ1Ȳ1

)

+ <σ(12; 3X123)v>
(
Y1Y2 −

Y3

Ȳ3
Ȳ1Ȳ2

)
+ <σ(31; 2X312)v>

(
Y1Y3 −

Y2

Ȳ2
Ȳ1Ȳ3

)

− <σ(23; 1X231)v>
(
Y3Y2 −

Y1

Ȳ1
Ȳ3Ȳ2

)}
, (14)

dY2

dx
= −0.264 g1/2

∗

[
µMPL

x2

] {
<σ(22; X2X2)v>

(
Y2Y2 − Ȳ2Ȳ2

)

+ <σ(22; 33)v>
(
Y2Y2 −

Y3Y3

Ȳ3Ȳ3
Ȳ2Ȳ2

)
+ <σ(23; 1X231)v>

(
Y2Y3 −

Y1

Ȳ1
Ȳ2Ȳ3

)

+ <σ(12; 3X123)v>
(
Y1Y2 −

Y3

Ȳ3
Ȳ1Ȳ2

)
− <σ(31; 2X312)v>

(
Y1Y3 −

Y2

Ȳ2
Ȳ1Ȳ3

)

− <σ(11; 22)v>
(
Y1Y1 −

Y2Y2

Ȳ2Ȳ2
Ȳ1Ȳ1

)}
, (15)

dY3

dx
= −0.264 g1/2

∗

[
µMPL

x2

] {
<σ(33; X3X3)v>

(
Y3Y3 − Ȳ3Ȳ3

)

+ <σ(23; 1X231)v>
(
Y2Y3 −

Y1

Ȳ1
Ȳ2Ȳ3

)
+ <σ(31; 2X312)v>

(
Y1Y3 −

Y2

Ȳ2
Ȳ1Ȳ3

)

− <σ(12; 3X123)v>
(
Y1Y2 −

Y3

Ȳ3
Ȳ1Ȳ2

)
− <σ(11; 33)v>

(
Y1Y1 −

Y3Y3

Ȳ3Ȳ3
Ȳ1Ȳ1

)

− <σ(22; 33)v>
(
Y2Y2 −

Y3Y3

Ȳ3Ȳ3
Ȳ2Ȳ2

) }
, (16)

where 1/µ = 1/m1 + 1/m2 + 1/m3.

As a representative example we consider the set of the input values of the parameters:

m1 = 200 GeV , m2 = 160 GeV , m3 = 140 GeV , σ0,1 = 0.1 , σ0,2 = 2 , σ0,3 = 6.(17)

First we show the evolution of Ωχih
2(x) in Fig. 3 (left) for σ0,12 = σ0,13 = σ0,23 = σ0,123 =

σ0,312 = σ0,231 = 0, which corresponds to the situation without the non-standard annihilation
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Ȳ2
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(
Y1Y3 −

Y2

Ȳ2
Ȳ1Ȳ3

)

− <σ(12; 3X123)v>
(
Y1Y2 −

Y3

Ȳ3
Ȳ1Ȳ2

)
− <σ(11; 33)v>

(
Y1Y1 −

Y3Y3

Ȳ3Ȳ3
Ȳ1Ȳ1

)

− <σ(22; 33)v>
(
Y2Y2 −

Y3Y3

Ȳ3Ȳ3
Ȳ2Ȳ2

) }
, (16)

where 1/µ = 1/m1 + 1/m2 + 1/m3.

As a representative example we consider the set of the input values of the parameters:

m1 = 200 GeV , m2 = 160 GeV , m3 = 140 GeV ,

σ0,1 = 0.1 , σ0,2 = 2 , σ0,3 = 6 . (17)
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FIG. 4: The relic abundance Ωχ1h
2(x) (black), Ωχ2h

2(x) (blue) and Ωχ3h
2(x) (red) as a function of

x = µ/T = [(m−1
1 + m−1

2 + m−1
3 )T ]−1, where the input parameters are given in (19). Left: Without the

non-standard annihilation processes (2) and (3). Left: σ0,12 = σ0,13 = σ0,23 = 5.2, while σ0,123 = σ0,312 =

σ0,231 = 0 to see the effects of χiχi ↔ χjχj type processes (3) .
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FIG. 5: The relic abundance Ωχ1h
2(x) (black), Ωχ2h

2(x) (blue) and Ωχ3h
2(x) (red) as a function of x with

σ0,12 = σ0,13 = σ0,23 = 0, while σ0,123 = σ0,312 = σ0,231 = 5.1 to see the effects of χiχj ↔ χkXijk type

processes (3).

Next we would like to address the question whether one can obtain a boost factor in the

case of K = 3 within the frame work of thermally produced DM †, where as before we assume

that m1 ≥ m2 ≥ m3 and m2 + m3 > m1. Here we are interested in the situation that the

scales that enter into the Boltzmann equations (11) are not extremely different, because this

situation can easily be realized in many phenomenologically viable models. The parameter

space for the case K = 3 is large, and therefore, to simplify the situation we assume that

only the semi-annihilations (3) are present. We further assume that the semi-annihilation

processes (3) produce the same SM model particle X whose mass can be neglected. Then the

differential energy flux ΦX of X produced from the DM semi-annihilations can be written

† Non-standard freeze-out history of DM in the K = 2 component DM system has been considered in
[13, 19] and a large boost factor of O(1000) has been found.
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situation can easily be realized in many phenomenologically viable models. The parameter

space for the case K = 3 is large, and therefore, to simplify the situation we assume that

only the semi-annihilations (3) are present. We further assume that the semi-annihilation

processes (3) produce the same SM model particle X whose mass can be neglected. Then the

differential energy flux ΦX of X produced from the DM semi-annihilations can be written

as

dΦX

dEX
∝

∑

i<j

N ij
X ni,∞nj,∞ < σ(ij; kX)v > , (18)

where ni,∞ is the freeze-out value of ni, and N ij
X and EX stand for the number and the

energy in the process χiχj → χkX, respectively. Eq. (18) suggests the following definition
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annihilation cross sections:

Wino:
⌅��v ⇤ 2.5� 10�27 cm3/s

⌅�Zv ⇤ 1.4� 10�26 cm3/s

⌅annv ⇤ ⌅WW v ⇤ 4.0� 10�24 cm3/s

=⌅ Rth = 210; (11)

and

Higgsino:
⌅��v ⇤ 1.1� 10�28 cm3/s

⌅�Zv ⇤ 3.7� 10�28 cm3/s

⌅annv ⇤ ⌅WW v + ⌅ZZv ⇤ 4.2� 10�25 cm3/s

=⌅ Rth = 710. (12)

For these two cases, the cross sections to ⇥⇥ and ⇥Z0 are dominated by loops involving the
charginos. Annihilations to W+W� are due to t-channel chargino exchange. The Higgsino also has
a non-trivial cross section to Z0Z0 due to the presence of a light Higgsino-like second neutralino.
The pure Higgsino and pure wino are clearly ruled out by the constraints presented in Fig. 4.

To explore the case where the neutralino is a non-trivial admixture, we scan M1,M2 >
100 GeV, |µ| < 1 TeV, and randomize the sign of µ, while keepingmA = mf̃ = 3 TeV. The range of

possible Rth are shown in Fig. 7 for dark matter masses between 120 and 150 GeV. Points with wino
fraction |ZW |2 > 0.99 are plotted in black, points with Higgsino fraction |ZHu |2+ |ZHd |2 > 0.99 and
tan� ⇥ 5 (tan� < 5) are plotted in blue (red), and points with max(⌅�� , 1/2⌅�Z ) > 10�32 cm3/s
are plotted in gray. This lower bound on the cross section eliminates points that do not have a
large enough cross section to explain the line; it is an extremely conservative choice, being roughly
five orders of magnitude below the cross section obtained by [10].

Neutralinos that are dominantly wino or Higgsino give a sharp prediction for Rth as a function
of mass (for moderate to large tan�). In particular, Higgsinos have a larger Rth than winos because
⌅ann includes an O(1) contribution from Z0Z0 final states in addition to W+W�, which is the only
final state for the wino case. Note that the Higgsino-like prediction for Rth is di�erent than the
one given in Eq. (12) due to the finite scan range for M2. Because the wino cross section to ⇥Z0 is
larger than that for Higgsinos by two orders of magnitude, even a 1% wino admixture can change
the annihilation cross section for the Higgsino-like points non-trivially.

The large spread in Rth for Higgsinos with small tan� arises from an interesting e�ect in the
neutralino mass matrix. When tan� = 1, one of the Higgsino states is always pure and when
µ < 0, this state is the lightest Higgsino. In this case, M2 can be small while still maintaining the
purity of the Higgsino. Consequently, chargino and second neutralino mixing becomes non-trivial,
lifting these masses above µ. The cross sections to ⇥⇥ and ⇥Z0 are suppressed faster than those
for annihilation to W+W� and Z0Z0, which is why the red points are above the blue. Fig. 7
demonstrates that there is a lower bound on Rth in the decoupling limit with heavy sfermions,
which is excluded by the constraint in Fig. 4.

If we relax the assumptions on the masses of the sfermions and additional Higgs bosons, ⌅��
and ⌅�Z change at the percent level and ⌅ann is a�ected even less. Even when parameters are
tuned so that the neutralino annihilation is dominated by the A resonance, the increase in the
total annihilation cross section is orders of magnitude more then the increase in the rate for ⇥⇥ or
⇥Z0. Hence, the lower bound on Rth for dominantly wino/Higgsino neutralinos is robust.

There is one final option to explore. When the sfermions are light, the bino is no longer inert.
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Neutralino DM can not explain 
the 130 gamma ray line.
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FIG. 7: We have plotted Rth = ⇤ann/(2⇤�� + ⇤�Z ) as a function of the neutralino mass. Points with
wino fraction |ZW |2 > 0.99 are plotted in black, points with Higgsino fraction |ZHu |2 + |ZHd |2 > 0.99 and
tan� ⇥ 5 (tan� < 5) are plotted in blue (red), and points with max(⇤�� , 1/2⇤�Z ) > 10�32 cm3/s are
plotted in grey. We find a robust lower bound on ⇤ann/(2⇤�� + ⇤�Z ) as a function of mass for neutralinos
with a large enough annihilation rate to ⇥⇥ and/or ⇥Z0 to explain the 130 GeV line. For all points in this
plot ⇤ann is dominated by some combination of ⇤WW and ⇤ZZ ; the limits derived in Sec. III for ⌅⌅ ⌅ W+W�

are relevant.

In particular, for m⇥ = 130 GeV and the slepton mass m⇤̃ = 200GeV,7

Bino:
⇤��v ⇧ few� 10�30 cm3/s;

⇤�Zv ⇧ few� 10�31 cm3/s;

⇤annv ⇧ ⇤⇤⇤̄ v ⇧ few� 10�27 cm3/s.

=⌃ Rth ⇤ 103. (13)

The results of Figs. 10 and 11, which are relevant for lepton final states (see Appendix C), exclude
this possibility. However, the bino is not a good candidate for an even simpler reason. Recall that
the value for ⇤��v found in [10] for the Einasto profile is 1.3 � 10�27 cm3/s. Even allowing the
large uncertainty in the shape of the profile at the Galactic Center, it is implausible that the cross
sections given in Eq. (13) are large enough to yield the observation. As a result, the pure bino is
not a good candidate to explain the ⇥-line.

These arguments along with Fig. 7 demonstrate that there is a lower bound on ⇤WW /(2⇤��+⇤�Z )
for neutralinos in the MSSM that have large enough ⇤�� and/or ⇤�Z to be consistent with the data.
Combined with the results of Sec. III, we see that the neutralino is excluded as an explanation of
the 130 GeV Fermi line.

V. CONCLUSIONS

This paper presents constraints on the continuum photon spectrum for any dark matter can-
didate used to explain the 130 GeV line in the Fermi data. Many models have been proposed
to explain this feature [26, 38–49], but all must now satisfy the strong requirements on contin-
uum annihilation derived here. In particular, we constrain the ratio of continuum photons versus

7 Note we are neglecting the possibility of a Sommerfeld enhanced annihilation to photons, which can happen when
the sfermion mass is very close to the neutralino mass. We thank Hai-Bo Yu for pointing out this possibility to
us. We are also omitting the e�ects of internal bremsstrahlung.

SUSY

Buchmüller+Garny, JCAP 1208 (2012)035;
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Figure 1: Anti-proton constraints on
DM annihilation into W+W�. The up-
per left, upper right and lower panels
refer respectively to the ‘MIN’, ‘MED’
and ‘MAX’ propagation parameters. The
constraints obtained by the Fermi-LAT
collaboration from satellite dwarf galax-
ies are superimposed. We also display
five benchmark points. Filling. Filling.
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data set have very small error bars at energies below 100 GeV, hence the strength of the
constraints. It is then instructive to compare case ‘A’ and ‘B’: these two scenarios refer to
the same DM mass and constraint procedure; they also predict a very similar flux, as can be
seen in Fig. 2, but have a di�erent annihilation cross section. The latter is much larger for
‘A’ than for ‘B’. This is because the propagation scheme was assumed to be ‘MIN’ for the
former and ‘MED’ for the latter. With the ‘MIN’ propagation set, the yield of anti-protons
is about one order of magnitude smaller than with ‘MED’ (since the galactic di�usion zone
is much smaller in the former case) and therefore the constraint on the annihilation cross
section is about one order of magnitude looser than for the ‘MED’ case. On the other hand
the constraint obtained for ‘MAX’ (which is not shown here) is stronger than for ‘MED’.

The comparison between points ‘B’ and ‘C’ shows the impact of the constraint proce-
dures. Although both ‘B’ and ‘C’ have the same DM mass and propagation scheme, we
find that the value of the annihilation cross section that is allowed for ‘C’ is larger than
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