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positron+electron flux is still significant in the measurement of Fermi-LAT. For solving

the problems of massive neutrinos and observed excess of cosmic-ray, we study the model

with an inert Higgs doublet (IHD) in the framework of type-II seesaw model by imposing

a Z2 symmetry on the IHD, where the lightest particle of IHD is the DM candidate and

the neutrino masses originate from the Yukawa couplings of Higgs triplet and leptons. We

calculate the cosmic-ray production in our model by using three kinds of neutrino mass

spectra, which are classified by normal ordering, inverted ordering and quasi-degeneracy.

We find that when the constraints of DM relic density and comic-ray antiproton spectrum

are taken into account, the observed excess of positron/electron flux could be explained

well in normal ordered neutrino mass spectrum. Moreover, excess of comic-ray neutrinos

is implied in our model. We find that our results on 〈σv〉 are satisfied with and close to the
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1 Introduction

Two strong direct evidences indicate the existence of new physics: one is the observations of

neutrino oscillations, which lead to massive neutrinos [1], and another one is the astronom-

ical evidence of dark matter (DM), where a weakly interacting massive particle (WIMP) is

the candidate in particle physics. The Planck best-fit for the DM density, which combines

the data of WMAP polarization at low multipoles, high-ℓ experiments and baryon acoustic

oscillations (BAO), etc., now is given by [2]

Ωh2 = 0.1187± 0.0017 . (1.1)

Until now, we have not concluded what the DM is and what the masses of neutrinos

originate. It is interesting if we can accommodate both DM issue and neutrino masses in

the same framework.

Although the probe of DM could be through the direct detection experiments, however

according to the recent measurements by LUX Collaboration [3] and XENON100 [4], we

are still short of clear signals and the cross section for elastic scattering of nuclei and DM

has been strictly limited. In contrast, the potential DM signals have been observed by

the indirect detections. For instance, the recent results measured by AMS-02 [5] have

confirmed the excess of positron fraction which was observed earlier by PAMELA [6] and

Fermi-LAT [7] experiments.

Additionally, the excess of positron+electron flux above the calculated backgrounds is

also observed by PAMELA [8], Fermi-LAT [9], ATIC [10] and HESS [11, 12]. Inspired by

the observed anomalies, various interesting possible mechanisms to generate the high energy
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positrons and electrons are proposed, such as pulsars [13–19], dark matter annihilations [20–

32] and dark matter decays [33–50].

The origin of neutrino masses is one of most mysterious problems in high energy

physics. Before nonzero neutrino masses were found, numerous mechanisms had been

proposed to understand the source of neutrino masses, such as type-I seesaw [51–55] and

type-II seesaw [56–63] mechanisms, where the former introduced the heavy right-handed

neutrinos and the latter extended the standard model (SM) by including a SU(2) Higgs

triplet. Since the triplet scalars only couple to leptons, based on this character, it may

have interesting impacts on the cosmic-ray positrons, electrons and neutrinos. We therefore

study a simple extension of conventional type-II seesaw model by including the possible

DM effects.

For studying the excess of cosmic rays by DM annihilation and the masses of neutrinos,

we add an extra Higgs doublet (Φ) and a Higgs triplet (∆) to the SM. Besides the gauge

symmetry SU(2)L×U(1)Y , in order to get a stable DM, we impose a discrete Z2 symmetry

in our model, where the Φ is Z2-odd and the ∆ and SM particles are Z2-even. The Z2

odd doublet is similar to the one in inert Higgs doublet (IHD) model [64, 65], where the

IHD model has been studied widely in the literature, such as DM direct detection [65–67],

cosmic-ray gamma spectrum [68], cosmic-ray positrons and antiproton fluxes [69], collider

signatures [70–72], etc. The lightest neutral odd particle could be either CP-odd or CP-even,

in this work we will adopt the CP-even boson as the DM candidate. For explaining the

observed excess of cosmic rays, we set the odd particle masses at TeV scale.

There are two motivations to introduce the Higgs triplet. First, like the type-II

seesaw mechanism [56–63], the small neutrino masses could be explained by the small

VEV of triplet without introducing heavy right-handed neutrinos. Second, the excess of

cosmic-ray appears in positrons and electrons, however, by the measurements of AMS [73],

PAMELA [74] and HESS [75], no excess is found in cosmic-ray antiproton spectrum. Since

triplet Higgs bosons interact with leptons but do not couple to quarks, it is interesting

to explore if the observed excess of positron fraction and positron+electron flux could be

explained by the leptonic decays of Higgs triplet in DM annihilation processes. The model

with one odd singlet and one SU(2)L triplet has been studied and one can refer to ref. [76].

Furthermore, the search of doubly charged Higgs now is an important topic at colliders. If

doubly charged Higgs is 100% leptonic decays, the experimental lower bound on its mass

has been limited in the range between 375 and 409GeV [93, 94]. The detailed analysis and

the implications at collider physics could consult the refs. [77–92].

The decays of triplet particles to leptons depend on the Yukawa couplings. As known,

the Yukawa couplings could be constrained by the measured neutrino mass-squared differ-

ences and the mixing angles of Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [95, 96],

where the current data are given by [1]

∆m2
21 = (7.50± 0.20)× 10−5 eV2 ,

|∆m2
31| =

(

2.32+0.12
−0.08

)

× 10−3 eV2 ,

sin2(2θ12) = 0.857± 0.024 , sin2(2θ23) > 0.95 ,

sin2(2θ13) = 0.095± 0.01 . (1.2)
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Since the data can not tell the mass pattern from various neutrino mass spectra, in our

study, we classify the mass spectra to be normal ordering (NO), inverted ordering (IO) and

quasi-degeneracy (QD) [1] and investigate their influence on the production of cosmic rays.

Because we do not have any information on the Dirac (δ) and Majorana (α31,21) phases

in PMNS matrix, we adopt four benchmark points that are used by CMS Collaboration

for the search of doubly charged Higgs [93]. The first three benchmark points stand for

the NO, IO and QD with δ = α31 = α21 = 0 while the fourth one denotes the QD with

δ = α31 = 0 and α21 = 1.7. We note that the necessary boost factor (BF) for fitting the

measured cosmic-ray electron/positron flux by DM annihilation is regarded as astrophysical

effects [97]. We take the BF as a parameter and use the data of antiproton spectrum to

bound it.

Furthermore, since the singly charged and neutral triplet particles couple to neutrinos,

an excess of cosmic-ray neutrinos is expected in the model. We find that a Breit-Wigner

enhancement could occur at the production of neutrinos; therefore, without BF, a large

neutrino flux from DM annihilation could be accomplished. Accordingly, with the same

values of free parameters that fit the excess of cosmic-ray positron/electron flux, our results

on neutrino excess from galactic halo could be close to the upper bound measured by

IceCube [98, 99].

The paper is organized as follows. We introduce the gauge interactions of IHD and

triplet, Yukawa couplings of triplet, and scalar potential in section 2. The set of free

parameters and the branching fractions of triplet particle decays are introduced in section 3.

In section 4, we discuss the constraints from relic density of DM and cosmic-ray antiproton

spectrum. With the values of constrained parameters, we study the fluxes of cosmic-ray

positrons, electrons and neutrinos. We give a summary in section 5.

2 Inert Higgs doublet in type-II seesaw model

In this section, we introduce the new interactions in the model. In order to have a stable

DM, we consider the symmetry SU(2)L × U(1)Y × Z2. For generating the masses of neu-

trinos and having a DM candidate, we extend the SM to include a scalar triplet ∆ with

hypercharge Y = 2 and a scalar doublet Φ with hypercharge Y = 1. The SM particles

and the triplet ∆ are Z2-parity even while the new doublet Φ is Z2-parity odd. Since the

DM does not decay in the model, therefore, Φ cannot develop a VEV when electroweak

symmetry is broken.

The couplings in the SM are well known, therefore we do not further discuss them.

With the new Z2-parity, the involved new gauge interactions, new Yukawa couplings and

scalar potential are written as

LNP = (DµΦ)
†DµΦ+(Dµ∆)†Dµ∆−

[

1

2
LTC

(

y+yT
)

iσ2∆PLL+h.c.

]

−V (H,Φ,∆) , (2.1)

where we have suppressed the flavor indices in Yukawa sector, y denotes the 3× 3 Yukawa

matrix, PL = (1−γ5)/2, L
T = (νℓ, ℓ) is the lepton doublet, σ2 is the second Pauli matrix and

C = iγ0γ2. Due to Φ being Z2 odd, it cannot couple to SM fermions. The representations
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for SM Higgs doublet H, Φ and triplet are chosen as

H =

(

G+

(

v0 + h+ iG0
)

/
√
2

)

, Φ =

(

H+

(S + iA)/
√
2

)

,

∆ =







δ++

δ+
(

v∆ + δ0 + iη0
)

/
√
2






or

(

δ+/
√
2 δ++

(

v∆ + δ0 + iη0
)

/
√
2 −δ+/

√
2

)

(2.2)

where v0(∆) are the VEV of neutral component of H(∆) and their values are related to the

parameters of scalar potential. There are two ways to present ∆: for gauge interactions

we use 3 × 1 column vector but for Yukawa couplings and scalar potential, we use 2 × 2

matrix. Since the mixing of H and ∆ is related to the small v∆, which is constrained by ρ

parameter and the masses of neutrinos, the Goldstone bosons and Higgs boson are mainly

from the SM Higgs doublet. Below we discuss each sector individually.

2.1 Gauge interactions

The covariant derivatives for scalar doublet and triplet could be expressed by

Dµ = ∂µ + i
g√
2

(

T+W+
µ +T−W−

µ

)

+ i
g

cW

(

T3 − s2WQ
)

Zµ + ieQAµ . (2.3)

TheW±
µ , Zµ and Aµ stand for the gauge bosons in the SM, g is the gauge coupling of SU(2)L

and sW (cW ) = sin θW (cos θW ) with θW being the Weinberg angle. For scalar doublet,

T± = (σ1±iσ2)/2 andT3 = σ3 are associated with Pauli matrices and diagQ = (1, 0) is the

charge operator. For scalar triplet, the charge operator is diagQ = (2, 1, 0), T± = T1± iT2

and the generators of SU(2) are set to be

T1 =
1√
2







0 1 0

1 0 1

0 1 0






, T2 =

1√
2







0 −i 0

i 0 −i

0 i 0






, T3 =







1 0 0

0 0 0

0 0 −1






. (2.4)

The kinetic terms of SM Higgs and ∆ will contribute to the masses of W± and Z bosons.

After spontaneous symmetry breaking (SSB), the masses of W± and Z bosons are given by

m2
W =

g2v20
4

(

1 +
2v2∆
v20

)

,

m2
Z =

g2v20
4 cos2 θW

(

1 +
4v2∆
v20

)

. (2.5)

As a result, the ρ-parameter at tree level could be obtained as

ρ =
m2

W

m2
Zc

2
W

=
1 + 2v2∆/v

2
0

1 + 4v2∆/v
2
0

. (2.6)

Taking the current precision measurement for ρ-parameter to be ρ = 1.0004+0.0003
−0.0004 [1], we

get v∆ < 3.4GeV when 2σ errors is taken into account.
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We find that the gauge interactions of triplet particles such as δ0W+W− and δ0ZZ,

which will be directly related to the relic density and excess of cosmic rays, are all pro-

portional to v∆. For small v∆, the effects are negligible. It is known that triplet particles

have two main decay channels: one is decaying to paired gauge bosons and the other is

leptonic decays. In order to obtain the excess of cosmic-ray positrons/electrons and avoid

getting a large cosmic-ray antiproton spectrum, the paired gauge boson channel should be

suppressed. For achieving the purpose, we take v∆ < 10−4GeV [89]. Although the vertex

of ZY Ȳ with Y = δ(++,+) is important to produce the pair of triplet particles, however

the (co)annihilation through the couplings of H+H−A, H+H−Z and SAZ is suppressed

by the low momenta of odd particles. Therefore, their effects are not significant.

In order to satisfy the measured relic density Ωh2 and produce interesting excess of

cosmic rays, the important gauge interactions are only associated with odd particles. The

relevant interactions are written as

LG = −g

2
(S(pS − pH−)µ + iA(pA − pH−)µ)W+

µ H− − i
g

2 cos θW
(pS − pA)

µZµAS

+

[

g

2
(S − iA)H+W−

µ

(

eAµ +
g sin2 θW
cos2 θW

Zµ

)

+ h.c.

]

+H+H−

(

eAµ +
g cos 2θW
cos θW

Zµ

)2

+
g2

4

(

S2 +A2
)

W+
µ W−µ

+
g2

8 cos2 θW

(

S2 +A2
)

ZµZ
µ . (2.7)

According to eq. (2.7), we see that the DM (co)annihilation could produce W+W− and ZZ

pairs by s- and t-channel. Although the W+W− and ZZ pairs are open in the model and

will contribute to the antiproton flux, however, we will see that the produced antiprotons

in the energy range of observations are still consistent with data measured by AMS [73],

PAMELA [74] and HESS [75].

2.2 Yukawa couplings

Next, we discuss the origin of neutrino masses and new lepton couplings in the model. Using

the 2×2 representation for ∆, the Yukawa interactions in eq. (2.1) could be decomposed as

−LY =
1

2
νTChPLν

v∆ + δ0 + iη0√
2

− νTChPLℓ
δ+√
2

− 1

2
ℓTChPLℓδ

++ + h.c. (2.8)

where h̄ = y + yT and it is a symmetric 3 × 3 matrix. Clearly, the neutrino mass matrix

is given by mν = v∆h/
√
2. For explaining the tiny neutrino masses, we can adjust the

v∆ and h. In this paper, for suppressing the triple couplings of triplet particle and gauge

bosons so that the leptonic triplet decays are dominant, we adopt v∆ < 10−4GeV [89]. By

using PMNS matrix [95, 96], the Yukawa couplings could be determined by the neutrino

masses and the elements of PMNS matrix. The relation is given by

h =

√
2

v∆
U∗
PMNSm

dia
ν U †

PMNS , (2.9)
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wheremdia
ν = diag(m1,m2,m3), mis are the physical masses of neutrinos and PMNS matrix

is parametrized by [1]

UPMNS=







c12c13 s12c13 s13e
−iδ

−s12c23−c12s23s13e
iδ c12c23−s12s23s13e

iδ s23c13
s12s23−c12c23s13e

iδ −c12s23−s12c23s13e
iδ c23c13






×diag

(

1, eiα21/2, eiα31/2
)

(2.10)

with sij ≡ sin θij , cij ≡ cos θij and θij = [0, π/2]. δ = [0, π] is the Dirac CP violating

phase and α21,31 are Majorana CP violating phases. According to eq. (2.8), the couplings

of triplet particles to SM leptons are all related to h, therefore the Yukawa couplings of

δ±±, δ± and δ0(η0) are limited by the neutrino experiments. If we set v∆hℓ′ℓ/
√
2 = mℓ′ℓ,

the eq. (2.9) could be decomposed as

mee= m1(c12c13)
2 +m2e

−iα21(s12c13)
2 +m3e

−i(α31−2δ)s213

mµµ= m1

(

s12c23+c12s23s13e
−iδ
)2

+m2e
−iα21

(

c12c23−s12s23s13e
−iδ
)2

+m3e
−iα31(s23c13)

2

mττ = m1

(

s12s23−c12c23s13e
−iδ
)2

+m2e
−iα21

(

c12s23+s12c23s13e
−iδ
)2

+m3e
−iα31(c23c13)

2

meµ = −m1c12c13

(

s12c23 + c12s23s13e
−iδ
)

+m2e
−iα21s12c13

(

c12c23 − s12s23s13e
−iδ
)

+m3e
−i(α31−δ)s23s13c13

meτ = m1c12c13

(

s12s23 − c12c23s13e
−iδ
)

−m2e
−iα21s12c13

(

c12s23 + s12c23s13e
−iδ
)

+m3e
−i(α31−δ)c23s13c13

mµτ = −m1

(

s12c23 + c12s23s13e
−iδ
)(

s12s23 − c12c23s13e
−iδ
)

−m2e
−iα21

(

c12c23 − s12s23s13e
−iδ
)(

c12s23 + s12c23s13e
−iδ
)

+m3e
−iα31s23c23c

2
13 . (2.11)

As known that the neutrino experiments can only measure the mass squared difference

between different neutrino species denoted by ∆m2
ij = m2

i −m2
j . Since the sign of m2

31 and

the absolute masses of neutrinos cannot be determined, this leads to three possible mass

spectra in the literature and they are [1]:

1. normal ordering (NO) (m1 < m2 < m3) with masses

m2(3) =
(

m2
1 +∆m2

21(31)

)1/2
; (2.12)

2. inverted ordering (IO) (m3 < m1 < m2) with masses

m1 =
(

m2
3 +∆m2

13

)1/2
, m2 =

(

m2
1 +∆m2

21

)1/2
; (2.13)

3. quasi-degeneracy (QD)

m1 ≃ m2 ≃ m3 = m0, m0 > 0.1 eV. (2.14)

Because the mℓ′ℓ in eq. (2.11) depends on the masses of neutrinos, the different mass

patterns will lead to different patterns of Yukawa couplings. Consequently, the branching

fractions for (δ++, δ+, δ0) decaying to leptons are also governed by the mass patterns. We

will explore their influence on the production of cosmic rays in DM annihilation.
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2.3 Scalar potential

In the considered model, one new odd doublet and one new triplet are included. Therefore,

the new scalar potential with the Z2-parity is given by

V (H,Φ,∆)=µ2H†H + λ1

(

H†H
)2

+m2
ΦΦ

†Φ+ λ2

(

Φ†Φ
)2

+ λ3H
†HΦ†Φ+ λ4H

†ΦΦ†H

+
λ5

2

[

(

H†Φ
)2
+h.c.

]

+m2
∆Tr∆

†∆+µ1

(

HT iτ2∆
†H+h.c.

)

+µ2

(

ΦT iτ2∆
†Φ
)

+λ6H
†HTr∆†∆+λ̄6Φ

†ΦTr∆†∆+λ7H
†∆∆†H+λ̄7Φ

†∆∆†Φ+λ8H
†∆†∆H

+λ̄8Φ
†∆†∆Φ+ λ9

(

Tr∆†∆
)2

+ λ10Tr
(

∆†∆
)2

. (2.15)

Since the CP related issue is not discussed in this paper, all parameters are assumed to be

real. Besides the SM parameters µ2 and λ1, there involve sixteen more free parameters.

Since the SM Higgs doublet still dictates the electroweak symmetry breaking (EWSB),

µ2 < 0 is required. The triplet and odd doublet have obtained their masses before EWSB,

therefore we set m2
Φ

(

m2
∆

)

> 0 and their values could be decided by the masses of odd

(triplet) particles. We will see this point clearly later.

When H and ∆ develop the VEVs, the scalar potential as a function of v0 and v∆ is

found as

V (v0, 0, v∆) =
µ2

2
v20 +

λ1

4
v40 +

m2
∆

2
v2∆ +

λ6 + λ7

4
v20v

2
∆ +

λ9 + λ10

4
v4∆ − µ1√

2
v20v∆ . (2.16)

By using the minimal conditions of ∂V/∂v0 = 0 and ∂V/∂v∆ = 0, we easily get

v0 ≈
√

−µ2

λ1
, v∆ ≈ µ1v

2
0√

2
(

m2
∆ + λ6+λ7

2 v20

) , (2.17)

where the condition of v∆ ≪ v0 has been used. From the results, we see that µ1 is

proportional to v∆. In the scheme of µ1 ∼ v∆ < 10−4GeV, the associated effects in DM

annihilation could be ignored.

According to eq. (2.15), we can obtain the masses of new scalars and triple (quadratic)

interactions of odd particles and triplet particles. We first discuss the masses of new scalar

particles. For odd particles, if the small v∆ effects are ignored, we find that the masses of

(S,A,H±) are the same as those in the IHD model [64, 65] and given by

m2
S = m2

Φ + λLv
2
0 , m2

A −m2
S = −λ5v

2
0 , m2

H± = m2
Φ +

λ3

2
v20 (2.18)

with λL = (λ3 + λ4 + λ5)/2. For SM Higgs and triplet particles, although the mixture

of H and ∆ could arise from triple coupling µ1 term and quadratic terms, however, they

are all related to v∆ and µ1. Due to µ1 ∼ v∆, the mixing effects could be neglected. For

illustrating the small mixing effect, we take G0−η0 as the example. According to eq. (2.15),

the mass matrix for G0 − η0 is given by

MG0η0 =

(

µ2 + λ1v
2
0 +

√
2µ1v∆ + λ6

4 v2∆
√
2µ1v0√

2µ1v0 m2
∆ + λ6+λ7

2 v20 + v2∆(λ9 + λ10)

)

. (2.19)
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If we take µ1, v∆ ≪ v0, the mixing angle of G0 and η0 is θG0η0 ∼ 2v∆/v0 ≪ 1. With

eq. (2.17) and ignoring the small effects, we get

m2
G0 ≈ µ2 + λ1v

2
0 ≈ 0 ,

m2
η0 ≈ m2

∆ +
λ6 + λ7

2
v20 . (2.20)

Similarly, other scalar mixings are also small and negligible. Consequently, the masses of

SM Higgs and triplet particles are given by

m2
h ≈ 2λ1v

2
0 , m2

δ0 ≈ m2
η0 ≈ m2

∆ +
λ6 + λ7

2
v20 ,

m2
δ++ ≈ m2

∆ +
λ6 + λ8

2
v20 ,

m2
δ+ ≈ 1

2

(

m2
δ++ +m2

δ0
)

. (2.21)

We see that mδ0 ≈ mη0 and mδ+ is fixed when mδ0 and mδ++ are determined. We point

out that the vertices from ΦT iσ2∆
†Φ term are associated with a dimensional parameter

µ2. Unlike µ1 which is limited to be much smaller than v0, the value of µ2 could be as

large as few hundred GeV. It will have an interesting contributions to the cosmic-ray flux

of neutrino from DM annihilation. We will further discuss its effects later.

Now we discuss the triple and quadratic interactions of scalar particles that are re-

sponsible for relic density and production of cosmic rays. According to eq. (2.15), there

appear lots of new interactions among new scalar particles. However, for explaining the

measured relic density and studying the excess of cosmic rays by the DM (co)annihilation,

here we display those relevant interactions in table 1. In the table, we have ignored the

couplings related to v∆ and µ1.

3 Setting parameters and branching fractions of triplet decays

In the model, there involve many new free parameters and some of them are not inde-

pendent. Since we are interested in the mass dependence, we will take the masses as the

variables. Hence, the set of new independent free parameters can be chosen as follows:
{

m2
S , m

2
A, m

2
H± , λ2, λL, m

2
δ0 , m

2
δ±± , µ2, λ6, ξA, λ̄6, χA, χB, λ9, λ10

}

(3.1)

with ξA(B) = λ6 + λ8(7) and χA(B) = λ̄6 + λ̄8(7). Accordingly, the decided parameters are

expressed as

m2
Φ = m2

S − λLv
2
0 , λ3 =

2

v20

(

m2
H± −m2

Φ

)

,

λ5 =
m2

S −m2
A

v20
, λ4 = 2λL − λ3 − λ5 ,

m2
∆ = m2

δ±± − ξA
2
v20 , ξB =

2

v20

(

m2
δ0 −m2

∆

)

,

λ7 = ξB − λ6 , λ8 = ξA − λ6 ,

λ̄7 = χA − λ̄6 , λ̄8 = χB − λ̄6 . (3.2)
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Vertex Coupling Vertex Coupling

SSh 2λLv0 AAh (λ3 + λ4 − λ5)v0

SS(AA)δ0 ∓
√
2µ2 SAη0 −

√
2µ2

SH∓δ± −µ2 AH∓δ± ±iµ2

H+H−h λ3v0 H±H±δ∓∓ 2µ2

δ+δ−h (λ6 + (λ7 + λ8)/2)v0 δ++δ−−h (λ6 + λ8)v0

δ0δ0
(

η0η0
)

h (λ6 + λ7)v0 hhh 6λ1v0

SS(H+H−)hh 2λL(λ3) AAhh λ3 + λ4 − λ5

SS(AA)δ+δ− λ̄6 +
(

λ̄7 + λ̄8

)

/2
(

S2, A2
)

δ0δ0
[

η0η0
]

λ̄6 + λ̄7

SS(AA)δ++δ−− λ̄6 + λ̄8 H+H−δ+δ− λ̄6 +
(

λ̄7 + λ̄8

)

/2

H+H−δ++δ−− λ̄6 + λ̄7 H+H−δ0δ0
(

η0η0
)

λ̄6 + λ̄8

SH−δ−δ++(H+δ+δ−−) −
(

λ̄7 − λ̄8

)

/2 AH+δ+δ−−(H−δ−δ++) ±i/2
(

λ̄7 − λ̄8

)

SH∓δ±δ0
(

λ̄7 − λ̄8

)

/
(

2
√
2
)

AH∓δ±η0
(

λ̄7 − λ̄8

)

/
(

2
√
2
)

SH±δ∓η0 ±i/
(

2
√
2
) (

λ̄7 − λ̄8

)

AH∓δ±δ0 ±i/
(

2
√
2
) (

λ̄7 − λ̄8

)

Table 1. Triple and quadratic couplings of Z2-odd and -even scalar particles for relic density and

the excess of cosmic rays.

In our approach, we choose the lightest odd particle (LOP) to be S, the DM candidate.

For revealing the triplet contributions to the production of cosmic rays and relic density

of DM, we suppress the effects from the original IHD model by assuming λL = 0 and the

mass differences of odd particles being within few GeV, where the former leads the vertex

of Higgs-SS(AA) to vanish and the latter inhibits the (co)annihilation processes induced

by gauge interactions. Therefore, for simplifying our numerical analysis, the values of free

parameters are adopted as follows:

λL = 0 , mS = mA − 1 GeV ,mH± = mA ,

mδ±± = mδ± = mδ0 ≡ mδ = 500 GeV . (3.3)

Due to the mass degeneracy in triplet particles, i.e. λ6 + λ7(8) =0, the interactions of

(δ++δ−−, δ+δ−, δ0δ0, η0η0)h in table 1 also vanish.

The new source to produce the positrons and neutrinos in the model is by the decays

of triplet particles, where the main effects are associated with Yukawa couplings. As

mentioned in section 2.2, although the Yukawa couplings have been constrained by neutrino

experiments, however the neutrino mass spectrum, Dirac phase and Majorana phases are

still uncertain. For numerical analysis, we study three possible mass spectra defined in

eqs. (2.12)–(2.14) by taking δ = 0 and φ21(31) = 0. For comparison, we also take δ = φ31 = 0

and φ21 = 1.7 for QD to illustrate the influence of Majorana phase. Therefore, we use QDI

and QDII to show the differences.

Numerically, we use the measured central values for the mixing angles (θij) of PMNS

matrix and for the mass squared differences, i.e. the inputs are taken as sin2(2θ12) = 0.857,

– 9 –



J
H
E
P
0
9
(
2
0
1
4
)
1
2
0

mee meµ meτ mµµ mµτ mττ

NO 0.3 0.6 0.1 1.4 1.0 1.4

IO 1.5 0.7 -1.1 1.0 -1.3 1.6

QDI 14.2 0 0 12.1 -2.1 12.4

QDII 10.3e−i0.4 5.9e−i2.4 7.9ei0.7 8.8e−i0.4 5.8ei0.1 8.2e−i0.9

Table 2. Values of Yukawa couplings (in units of 10−2 eV) in NO, IO, QDI and QDII. The

abbreviations could refer to the text.

ℓeℓe ℓeℓµ ℓeℓτ ℓµℓµ ℓµℓτ ℓτ ℓτ

NO 0.01 [0.02] 0.1 [0.06] 0[0] 0.3 [0.39] 0.29 [0.18] 0.28 [0.35]

IO 0.17 [0.23] 0.08 [0.06] 0.2 [0.14] 0.08 [0.11] 0.26 [0.17] 0.21[0.29]

QDI 0.39 [0.40] 0 [0] 0 [0] 0.29 [0.29] 0.02 [0] 0.30 [0.31]

QDII 0.21[0.28] 0.13[0.09] 0.24[0.16] 0.15[0.20] 0.13[0.09] 0.13[0.18]

Table 3. Branching ratios (BRs) for δ±±(δ0, η0) and δ± decays in NO, IO, QDI and QDII where

the corresponding values of Yukawa couplings are given in table 2. ℓf could be charged lepton or

neutrino and it depends on what its parent is. The values in brackets denote the BRs for δ± decays.

sin2(2θ23) = 0.95, sin2(2θ13) = 0.095, m2
12 = 7.5×10−5 eV and |m2

31| = 2.32×10−3 eV. For

QD case, we setm0 = 0.2 eV. As a result, the numerical values ofmℓ′ℓ in eq. (2.11) are given

in table 2. Since we have taken v∆ < 10−4GeV, triplet particles mainly decay to leptons.

Hence, the corresponding branching ratios (BRs) for triplet decays are shown in table 3.

The values in brackets in table 3 are the BRs for δ± decays. The difference between

δ±±(δ0, η0) and δ± is because the former has two identical particles in the final state;

therefore, a proper symmetry factor has to be included.

4 Relic density and fluxes and energy spectra of cosmic rays

After establishing our model and deciding the set of parameters, in this section we dis-

cuss the effects of new interactions on the relic density of DM and their implications on

the indirect DM detection experiments for cosmic rays. Since all odd particles belong to

the IHD, the interesting (co)annihilation processes which determine the relic density of

DM could be classified as three scenarios: (I) s-channel from quadratic couplings, (II) t-

channel from triple couplings and (III) s-channel from triple couplings, where the initial

states only involve IHD and the final states are triplet particles and leptons. The corre-

sponding Feynman diagrams are shown in figure 1. The particles in initial and final states

are decided by the couplings shown in table 1. Although W± and Z pairs could be gen-

erated by gauge interactions or by s-channel process mediated by SM-Higgs, due to the

parameter setting in eq. (3.3) and mΦ ∼ O(TeV), their production cross sections by the

(co)annihilation processes are secondary effects. We will ignore their contributions to relic

density in our analysis.
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S, A, H∓

S, A, H±

δ∓∓, δ∓, δ0, η0

δ±±, δ±, δ0, η0

I

S, A, H∓

S, A, H±

δ∓, δ0, η0

δ±, δ0, η0

II

S, A, H∓

S, A, H±

ν, ℓ

ν, ℓ

III

Figure 1. Three scenarios of (co)annihilation processes of odd particles for relic density:

(I) s-channel by quadratic interactions, (II) t-channel by triple interactions and (III) s-channel

by triple interactions.

In terms of the set of parameters in eq. (3.1) and the Yukawa couplings in eq. (2.8),

the scenarios I, II and III depend on the parameter sets {χA, χB}, {µ2} and {µ2, hℓ′ℓ},
respectively. In addition, the two parameters χA and χB in scenario-I will result different

energy spectra of positrons and neutrinos. For further studying their contributions, we

therefore consider three schemes for scenario-I as follows: (Ia) χA ≫ χB ≈ 0, (Ib) χA = χB

and (Ic) χA ≈ 0 ≪ χB.

According to the taken values of parameters in eq. (3.3) and table 2, the free parameters

now are mS , χA,B, µ2 and hℓ′ℓ. We note that because of hℓ′ℓ =
√
2mℓ′ℓ/v∆, when the values

of mℓ′ℓ are fixed as shown in table 2, the associated free parameter of hℓ′ℓ indeed is v∆. In

our approach, we first constrain the free parameters so that the observed relic density of

DM, Ωh2, could be explained in our chosen scenarios. With the constrained parameters, we

then estimate the fluxes of cosmic-ray antiprotons, positrons, electrons and neutrinos. As

mentioned earlier, for explaining the excess of the cosmic rays by DM annihilation, usually

we need a BF. The BF could be arisen from several mechanisms, such as astrophysical

origin [97], Sommerfeld enhancement [100, 101], near-threshold resonance and dark-onium

formation [102–104], etc. Since we do not focus on such effect in the model, as used in

the literature we take it as an undetermined parameter and its value could be limited

by the antiproton flux measured by AMS [73], PAMELA [74] and HESS [75]. With the

decided BF, we study the positron/electron and neutrino fluxes in various situations of free

parameters.

4.1 Relic density

Now we start to make the numerical analysis for the Ωh2 by DM S (co)annihilation pro-

cesses. For numerical calculations, we implement our model to CalcHEP [105] and use

micrOMEGAs [106–109] to estimate the Ωh2. To constrain the parameters, we require the

relic density of S to satisfy the 90% CL (confidence level) range of its experimental value,

written as

0.1159 ≤ Ωh2 ≤ 0.1215 . (4.1)

In the following we individually discuss the contributions from scenario-I, -II and -III.
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Figure 2. The allowed region in scenario-I when Ωh2 is satisfied. Left panel denotes the correlation

between mS and χA(χB) in scheme Ia(c). Right panel stands for the results of scheme Ib. Schemes

Ia and Ic have the same results.

Figure 3. The allowed region for scenario-II (left) and scenario-III (right). For scenario III, we

plot the contours of Ωh2 as a function of hee and m∆ with various values of µ2 and mS = 1000GeV.

For scenario-I, as stated above, we classify three schemes based on the relative magni-

tude of parameters χA and χB. With the values of parameters in eq. (3.3) and the range

of Ωh2 in eq. (4.1), the correlation between mS and χA(χB) in scheme-Ia(c) is given in the

left panel of figure 2. We find that the schemes Ia and Ic have the same contributions.

Similarly, the results of scheme Ib are displayed in the right panel of figure 2. We see that

χA,B of O(1) can accommodate to the observed Ωh2.

For scenario-II, the involved parameters are mS and µ2. Differing from other param-

eters, µ2 is a mass dimension one parameter and its natural value could be from GeV to

TeV. With the data of Ωh2, we present the correlation between mS and µ2 in the left panel

of figure 3. By the plot, we see that if the scenario-II is the only source of the observed

Ωh2, the value of µ2 has to be as large as the scale of mS .

For scenario-III, the related parameters are µ2 and hℓ′ℓ. Thus, we expect that the

limit on µ2 with m∆ < mS should be similar to the cases in scenario-II. However, the more

interest of this scenario is the reverse case. From figure 1-III, we see that the intermediate

state is triplet particle. When m∆ ≈ 2mS is satisfied, we have a large effect from the

Breit-Wigner enhancement. As discussed before, Yukawa couplings are determined by
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hℓ′ℓ =
√
2mℓ′ℓ/v∆. If we use the fixed values in table 2, the free parameter is only v∆. Since

we only need one parameter to describe all hℓ′ℓ, here we just take hee as the representative.

Once hee is determined, other hℓ′ℓ are also fixed. Accordingly, we present the results as a

function of hee and m∆ with several values of µ2 in the right panel of figure 3, where we

only use the IO for neutrino mass spectrum and mS = 1000GeV as an illustration. We

find that due to the Breit-Wigner enhancement, a smaller value of µ2 could get desired

magnitude of the (co)annihilation cross section.

4.2 Antiproton spectrum and boost factor constraint

As mentioned earlier, the necessary BF for explaining the excess of cosmic ray fluxes by

DM annihilation is regarded as a parameter. However, the value of BF can not be arbitrary

and we need to investigate the limit of BF by the observed data. It is known that cosmic-

ray antiprotons have been measured by AMS [73], PAMELA [74] and BESS [75]. By the

data, we see that below the energy of 100GeV, the measurements fit well with the models

of cosmic-ray background. Therefore, when the values of parameters are fixed by Ωh2,

antiproton flux Φp̄ could provide an upper limit on the BF.

In the model, since triplet particles only couple to leptons and cannot produce the

antiprotons, the channels to generate antiprotons are from W and Z decays following WW

and ZZ pair production, where WW and ZZ are produced from s-channel and t-channel

by the gauge interactions SS(AA)V V and S(A)H±W∓[SAZ] that are listed in table 1,

respectively. We note that in our taken values of parameters, although the production of

WW and ZZ for contributing to Ωh2 is secondary effects, however it becomes the leading

contributions to the antiproton production. Additionally, since the gauge coupling is known

and fixed, mS is the only free parameter for WW and ZZ production. Therefore, the limit

on BF is clear.

For estimating Φp̄, we applied Navarro-Frenk-White (NFW) density profile for DM

density distribution in the galactic halo [110]. For cosmic-ray antiproton background, we

use the fitting function parametrized by [111]

log10Φ
bkg
p̄ = −1.64 + 0.07x− x2 − 0.02x3 + 0.028x4 (4.2)

with x = log10T/GeV, where the result is arisen from the analysis in ref. [112]. Using

micrOMEGAs, we present our results in figure 4, where the galactic propagation of charged

particles and solar modulation effect are also taken into account.

The left (right) panel of figure 4 shows the background and background+DM for

Φp̄ in which mS = 1000(3000)GeV is used and various values of BF are taken. Since

PAMELA [74] and AMS [73] results are more precise, we just show these data in the

figure. We also use its data to constrain the BF. We find that the upper bound on the

boost factor is ∼ 30(1800) for mS = 1000(3000)GeV. The upper value of BF with the

corresponding value of mS is given in table 4. By the results, we see clearly that the new

physics contributions have a significant deviation from the background at E > 100GeV.

Therefore, the data at such energy region could test the model.
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Figure 4. Background and background + DM of cosmic-ray antiproton flux in different values

of BF with mS = 1000GeV (left) and mS = 3000GeV (right). The data points stand for the

PAMELA [74] and AMS [73] results.

mS [GeV] 1000 2000 3000 4000

BF . 30 . 500 . 1800 . 4500

Table 4. Upper bound of the BF for different values of mS .

4.3 Cosmic-ray positron and electron spectra

After discussing the constraints of free parameters and the limit of the BF, we investigate

the influence of DM annihilation on the positron/electron and neutrino fluxes. We first

study the case for cosmic-ray positrons/electrons. Besides the new source for the fluxes of

electron and positron, we also need to understand the background contributions of primary

and secondary electrons and secondary positrons, in which the former comes from super-

nova remnants and the spallation of cosmic rays in the interstellar medium, respectively,

while the latter could be generated by primary protons colliding with other nuclei in the

interstellar medium. In our numerical calculations, we use the parametrizations, given

by [113, 114]

Φprim
e−

(E) = κ
0.16E−1.1

1 + 11E0.9 + 3.2E2.15

[

GeV−1cm−2s−1sr−1
]

,

Φsec
e− (E) =

0.70E0.7

1 + 110E1.5 + 600E2.9 + 580E4.2

[

GeV−1cm−2s−1sr−1
]

,

Φsec
e+ (E) =

4.5E0.7

1 + 650E2.3 + 1500E4.2

[

GeV−1cm−2s−1sr−1
]

, (4.3)

where Φprim(sec) denotes the primary (secondary) cosmic ray. Accordingly, the total electron

and positron fluxes are defined by

Φe− = κΦprim
e−

+Φsec
e− +ΦDM

e− ,

Φe+ = Φsec
e+ +ΦDM

e+ , (4.4)

where ΦDM
e−(+) is the electron(positron) flux from DM annihilations. According to refs. [113]

and [115], we have regarded the normalization of the primary electron flux to be undeter-

mined and parametrized by the parameter of κ. In our analysis, we use κ = 0.78 to fit the

experimental data for background.
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channel δ++δ−− δ+δ− δ0δ0 η0η0

Ia 4/5 1/5 0 0

Ib 2/6 2/6 1/6 1/6

Ic 0 1/5 2/5 2/5

II 0 1/5 2/5 2/5

Table 5. Normalized cross section for DM annihilating to triplet-pair in each scenario.

Figure 5. The electron+positron spectra (left) and positron fraction (right) from δ±± → ℓ±ℓ±

decays, where we adopt scenario-Ia and NO for neutrino masses and take mS = 2000GeV and

boost factor BF = 500. The associated experiments data are PAMELA [6, 8] and Fermi-LAT [7, 9]

and AMS02 [5].

When we study the relic density, we have used three scenarios to classify the pa-

rameters. Except the scenario-III that only can contribute to cosmic-ray neutrinos, the

scenario-I and -II could be also applied to the cosmic-ray electrons and positrons by DM

annihilation. Since the quadratic couplings of SS∆∆̄ only depend on χA and χB, we

could apply the schemes Ia, Ib and Ic, which have been constrained by relic density, to the

production of cosmic-ray. Due to v∆ < 10−4GeV, the positron and electron production

is dominated by δ±± and δ± decays. Since the BRs of triplet decaying to leptons have

been given in table 3, in order to understand the cross section for producing the triplet

pairs, we calculate the normalized cross section in each scenario and present the results

in table 5, where the normalisation is defined by σ
(

SS → δiδ̄i
)

/
∑

i σ
(

SS → δiδ̄i
)

with

δi = δ++, δ+, δ0, η0.

Combining the constraints of free parameters and the mass spectra of neutrinos dis-

cussed before, we now study the numerical analysis for cosmic-ray positron and electron

spectra. First we focus on the positron/electron production via doubly charged scalar δ++.

The channel is interesting because not only it has a larger normalized cross section shown

in table 5, but also there are six different modes to generate positrons/electrons, such as

δ++ → (e+e+, e+µ+, e+τ+, µ+µ+, µ+τ+, τ+τ+), where µ+ and τ+ then continue decaying

to positron by the electroweak interactions in the SM. For demonstrating the behavior of

multiple decay chains, we show Φe++Φe− and Φe+/(Φe++Φe−) for the modes δ±± → ℓ±ℓ±

with ℓ = e, µ, τ in figure 5, where for illustration, we choose the scheme Ia, NO for neutrino

masses, mS = 2000GeV and BF = 500. For comparisons, we also show the data, measured
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mS 1000GeV 2000GeV 3000GeV 4000GeV

Ia BF > BFmax (500, 500, 500, 500) (1400, 1200, 900, 1100) (2000, 1900, 1500, 1900)

Ib BF > BFmax (500, 500, 500, 500) (1400, 1200, 900, 1200) (2000, 1900, 1500, 1800)

Ic BF > BFmax BF > BFmax BF > BFmax BF > BFmax

II BF > BFmax BF > BFmax BF > BFmax BF > BFmax

Table 6. Required BF in each scenario associated with mS for explaining positron/electron excess,

where BF > BFmax indicates the necessary BF over the upper limit of antiproton flux. The values

in brackets stand for the required BFs for neutrino masses with NO, IO, QDI and QDII by turns.

Figure 6. The positron+electron spectrum (left) and positron fraction (right) for normal ordered

neutrino masses, where we have used mS = 3000GeV and boost factor BF = 1500. The (solid,

dotted, dashed, dot-dashed) line corresponds to scenario (Ia, Ib, Ic, II). The thick solid line is the

cosmic-ray background. For left panel, we quote the data of PAMELA [8] and Fermi-LAT [9]. For

right panel, we quote the data of PAMELA [6], Fermi-LAT [7] and AMS02 [5].

by PAMELA [8] and Fermi-LAT [9] for Φe− + Φe+ and by PAMELA [6], Fermi-LAT [7]

and AMS-02 [5] for Φe+/(Φe+ + Φe−), in the figure. By the results, we clearly see that

the curve for positron+electron spectrum from µµ mode is flatter than that from ee mode,

and the spectrum from ττ mode is more flat and just slightly over the background. For

Φe+/(Φe+ + Φe−), ττ mode gives too small contribution to fit the measurements while ee

and µµ are much close to the experimental data in the measured region.

In the following we discuss the fluxes of cosmic-ray positrons and electrons that are

from all possible sources. First, in table 6 we present the required BFs for fitting the

excess measured by PAMELA, Fermi-LAT and AMS-02. We see that the BFs for scenario-

Ic and -II have been over the upper bounds (BFmax) that are obtained from antiproton

measurement. In scenario-Ia and -Ib, for satisfying the bound of BF, the mass of DM should

be heavier than 1000GeV. The values in brackets in the table denote the required BFs for

neutrino masses with NO, IO, QDI and QDII by turns. It is found that the required BFs

in scenarios Ia and Ib are close to each other.

We calculate E3(Φe++Φe−) and Φe+/(Φe++Φe−) and show the results as a function of

energy in figure 6, 7, 8 and 9 for neutrino masses with NO, IO, QDI and QDII, respectively,

where we adopt mS = 3000GeV and BF = 1500, the solid, dotted, dashed and dash-dotted

lines in turn denote the scenario-Ia, -Ib, -Ic and -II. The thick solid line is the cosmic-
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Figure 7. The legend is the same as figure 6 but for inverted neutrino masses.

Figure 8. The legend is the same as figure 6 but for QDI.

ray background in eq. (4.3). We see that the contributions of scenario-Ic and scenario-II

are much smaller than the data. According to the results in figures 6–9, we conclude

that different neutrino mass spectrum could cause slight difference in positron/electron

flux. Nevertheless, the normal ordered mass spectrum has a better matching with current

data. We note that positron/electron flux in higher energy region tends to be larger when

BR(∆ → ℓeℓe) is larger. In figure 10, we also show E3(Φe+ + Φe−) and Φe+/(Φe+ + Φe−)

for mS = 1000, 2000, 3000 and 4000GeV in scenario-Ia with NO and BF = 1500. We can

see that the end point of positron fraction excess corresponds to the mass of DM. Thus,

the measurement of the positron fraction in higher energy region is important to test the

model and tell us the mass of DM.

4.4 Cosmic-ray neutrinos

As known that the necessary BF in scenario-Ic and -II for explaining the positron excess has

been excluded by the data of antiproton spectrum, in the following we focus on scenario-Ia,b
and -III for cosmic-ray neutrinos induced by DM annihilation of galactic halo.

For scenario-Ia,b, the cosmic-ray neutrinos are arisen from the decays of δ±, δ0 and η0.

As known that the original neutrino species from DM annihilation can not be distinguished

by experiments, we sum over all possible neutrino final states. It is expected that the results

are independent of the Yukawa couplings in ∆ → νiνj decays, i.e. independence of neutrino

mass spectrum. However, the involved parameters for triplet production are the same

– 17 –



J
H
E
P
0
9
(
2
0
1
4
)
1
2
0

Figure 9. The legend is the same as figure 6 but for QDII.

Figure 10. The positron+electron spectrum (left) and positron fraction (right) for normal ordered

neutrino masses, where we have used mS = 1000, 2000, 3000 and 4000GeV and boost factor

BF = 1500. The experimental data are the same as those in figures 6–9.

as those in the study of positron flux, where we have required different BFs in different

neutrino mass spectra. Due to the reason, the neutrino production rates in our calculations

still depend on the neutrino mass spectra. Hence, with the values of BF in table 6 and

with the same values of free parameters for fitting positron/electron flux, we compute the

velocity-averaged cross section paired triplet production for each scenario and present the

results in figure 11, where we have used the sum defined by

〈σv〉 = 〈σv〉SS→δ+δ− + 2〈σv〉SS→δ0δ0 + 2〈σv〉SS→η0η0 . (4.5)

The factor 2 in second and third terms is due to doubled neutrino flux from δ0(η0) decays.

In the figure, we also show the upper limit of IceCube neutrino flux data for galactic halo,

which are indicated from W+W− and µ+µ− pairs [98, 99]. We clearly see that although

both results of Ia and Ib are lower than the upper bound of data, the scenario-Ia is much

close to the bound. The IceCube measurement will give a further limit on our parameters

when more observational data are analysed.

For scenario-III, it is known that when we study the relic density, a Breit-Wigner

enhancement appears at m∆ ≈ 2mS . It is interesting to investigate the scenario for cosmic-

ray neutrinos when the same enhancement occurs. Unlike the cases in Ia and Ib in which

triplet particles are on-shell, the intermediate state δ0 in scenario-III could be off-shell,
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Figure 11. Velocity-average cross section, 〈σv〉, annihilating into triplet pairs for neutrino produc-

tion in scenario-Ia and Ib with different neutrino mass spectra. The solid and dashed lines stand for

the upper limit of IceCube-22 [98] and IceCube-79 [99] by assuming DM annihilating into W+W−

and µ+µ−.

******
**
******
**********
**
*******
************
***
*********
***
*********
**************
***************
****
************
*****************
***
*************
******************
****
***************
****
****************
**********************
***********************
*****
*******************
*****
********************
**********************
*
*******
*************

*
***
*
***
********************

*********
*
****
****************
***********
******
*
***********
*
******
*
******
*
******
*******
********
**
*******
***
*******
*
*******
**
******
*******************************************

*************
**
*********
************
**

*************
************************
**************************
****************************
*****************************
*
****
*
***
*
***
*
***
**********
*
****
**************
******************
*
******
*********
*
*******
*
*******
**
********
**********
**
*********
**
*********
***********
*
**********
*
**********
**********************************
*************************
*****************************************
*

**

**************
*

*****

***************

*****

***************
*

*****

****************
****

****************
*
**

*****************
*

*****************
**
*

******************
*
*

*******************
**
*
*******************
****
**

********************
***
*
********************
*
**************
**
*********
*
****
*********************

********
*************
***************
****************
******************
*******************
**********************
**********************
*************************
**********************************
***********
********
*

*

****
*

*

****
*

*

****
******
*

*

*****
*

*

*****
*

*

*****
*
*

******
*
*

******
**

******
*
*
*******
**
******
**
***
**
**********************************************************************************************************************************

IC79 Ν Ν

Ε = 10-5

Ε = 10-4

Ε = 10-3

IC22 Ν Ν
Μ2 = 1000 GeV

1000 1500 2000 2500 3000 3500 4000
10-25

10-24

10-23

10-22

10-21

10-20

mS@GeVD

<
Σ

v>
@c

m
3 s-

1 D

******
*********
***
***
*******
*******
**
**
****************
*
*********
*
**********
***
***********
***
***********
*****
************
******************
****
**************
*******************
***
*****************************************************************************************************************************************

*************
*********

*

***************
********

*

*****************
********

*

*******************
*********

**

***************

*************************
*
*****
*
*****
*
************************************************************************************************************************************************************************************************************

*************************************************
***********************************************************
**************************************************************
********************************************************************

**********************************************************************************************************************
*
******************************************************************************************************************************************************************************************************

***************************************************************************************************

****************************************************************************************************************************

***************************************************************************************************************************************************

***************************************************************************
**************************************************************

IC79 Ν Ν
IC22 Ν Ν

Ε = 10-5

Ε = 10-4

Ε = 10-3

Μ2 = 100 GeV

1000 1500 2000 2500 3000 3500 4000
10-25

10-24

10-23

10-22

10-21

10-20

mS@GeVD

<
Σ

v>
@c

m
3 s-

1 D

Figure 12. 〈σv〉 for SS → νν(ν̄ν̄) as a function of mS with selected values of ǫ. The left(right)

panel is for µ2 = 1000(100)GeV. The solid and dashed line stands for the IceCube upper limit with

79-string [99] and 22-string [98], respectively.

i.e. the dependence of hℓ′ℓ cannot be removed. Additionally, due to the resonant effect which

leads to 〈σv〉 ∝ 1/v4 for small width of mediating particle, we find that a large neutrino flux

is obtained without BF. Like the case in relic density, we still use hee as the free parameter

for hℓ′ℓ and its constraint could refer to the figure 3. By taking m∆ = 2mS(1 − ǫ) and

with the values of parameters constrained by the DM relic density, 〈σv〉 for SS → νν(ν̄ν̄)

as a function of mS with several values of ǫ is displayed in figure 12, where the left (right)

panel is for µ2 = 1000(100)GeV. The solid and dashed line denotes the IceCube upper

limit with 79-string [99] and 22-string [98], respectively. We note that for µ2 = 100GeV,

the region mS & 2600GeV can not explain the relic density even if there is a Breit-Wigner

enhancement. By the figure, we see that the current IceCube data could limit the value of ǫ.

We expect that with more data analysis, IceCube could further limit the free parameters

of scenario-III.
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5 Summary

For explaining the measured positron excess by the DM annihilation, we have studied the

extension of the SM by adding an odd IHD Φ and an even Higgs triplet ∆. The LOP of

Φ can be a WIMP DM candidate. Due to the unbroken Z2-parity, the DM candidate is

stable. We take the CP-even component S as the DM candidate. The neutrinos become

massive through the type-II seesaw mechanism.

In order to suppress the effects from IHD model and emerge the triplet contributions,

we have set λL = 0, mA − mS = 1GeV and mH± = mA. Even though, the antiproton

spectrum is dominated by triple interactions SH±W∓ and SAZ and quadratic interac-

tions SS(W±W∓, ZZ) which appear in IHD model. With the measurement of antiproton

spectrum, we study the correlation between the upper bound of BF and mS .

In terms of the Feynman diagrams, three scenarios are involved in our analysis. In

scenario-I, we further use three schemes to describe the parameters χA and χB. In our

model, the excess of positrons/electrons is mainly arisen from the triplet decays. Since the

neutrino mass spectrum is still uncertain, we also study the influence of neutrino mass in

the cases of NO, IO and QD. From figures 6–9, we see that scenario-Ia and -Ib have similar

contributions. Moreover, the normal ordered mass spectrum could fit well to the excess of

positrons/electron measured by PAMELA, Fermi-LAT and AMS-02.

Although we have not observed the excess of comic-ray neutrinos, however if the source

of excess of positrons/electrons is from triplet decays, the same effects will also increase the

abundance of cosmic-ray neutrinos. We find that the quasi-resonance effects at m∆ ≈ 2mS

could occur in scenario-III so that large neutrino flux can be obtained without BF.

We calculate 〈σv〉 for cosmic-ray neutrinos and realize that our results in some pa-

rameter region are close to the recent IceCube data for neutrino flux from galactic halo.

Hence, our model could be tested if more data for cosmic-ray neutrinos are observed.

Acknowledgments

We thank Dr. A. Pukhov for providing the revised code of micrOMEGAs. This work

is supported by the National Science Council of R.O.C. under Grant #: NSC-100-2112-

M-006-014-MY3 (CHC) and NSC-102-2811-M-006-035 (TN). We also thank the National

Center for Theoretical Sciences (NCTS) for supporting the useful facilities.

– 20 –



J
H
E
P
0
9
(
2
0
1
4
)
1
2
0

Open Access. This article is distributed under the terms of the Creative Commons

Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in

any medium, provided the original author(s) and source are credited.

References

[1] Particle Data Group collaboration, J. Beringer et al., Review of Particle Physics (RPP),

Phys. Rev. D 86 (2012) 010001 [INSPIRE].

[2] Planck collaboration, P.A.R. Ade et al., Planck 2013 results. I. Overview of products and

scientific results, arXiv:1303.5062 [INSPIRE].

[3] LUX collaboration, D.S. Akerib et al., First results from the LUX dark matter experiment at

the Sanford Underground Research Facility, Phys. Rev. Lett. 112 (2014) 091303

[arXiv:1310.8214] [INSPIRE].

[4] XENON100 collaboration, E. Aprile et al., Dark Matter Results from 225 Live Days of

XENON100 Data, Phys. Rev. Lett. 109 (2012) 181301 [arXiv:1207.5988] [INSPIRE].

[5] AMS collaboration, M. Aguilar et al., First Result from the Alpha Magnetic Spectrometer on

the International Space Station: Precision Measurement of the Positron Fraction in Primary

Cosmic Rays of 0.5–350GeV, Phys. Rev. Lett. 110 (2013) 141102 [INSPIRE].

[6] PAMELA collaboration, O. Adriani et al., An anomalous positron abundance in cosmic rays

with energies 1.5–100GeV, Nature 458 (2009) 607 [arXiv:0810.4995] [INSPIRE].

[7] Fermi LAT collaboration, M. Ackermann et al., Measurement of separate cosmic-ray

electron and positron spectra with the Fermi Large Area Telescope,

Phys. Rev. Lett. 108 (2012) 011103 [arXiv:1109.0521] [INSPIRE].

[8] PAMELA collaboration, O. Adriani et al., The cosmic-ray electron flux measured by the

PAMELA experiment between 1 and 625GeV, Phys. Rev. Lett. 106 (2011) 201101

[arXiv:1103.2880] [INSPIRE].

[9] Fermi LAT collaboration, M. Ackermann et al., Fermi LAT observations of cosmic-ray

electrons from 7GeV to 1TeV, Phys. Rev. D 82 (2010) 092004 [arXiv:1008.3999]

[INSPIRE].

[10] J. Chang et al., An excess of cosmic ray electrons at energies of 300–800GeV,

Nature 456 (2008) 362 [INSPIRE].

[11] H.E.S.S. collaboration, F. Aharonian et al., The energy spectrum of cosmic-ray electrons at

TeV energies, Phys. Rev. Lett. 101 (2008) 261104 [arXiv:0811.3894] [INSPIRE].

[12] H.E.S.S. collaboration, F. Aharonian et al., Probing the ATIC peak in the cosmic-ray

electron spectrum with H.E.S.S, Astron. Astrophys. 508 (2009) 561 [arXiv:0905.0105]

[INSPIRE].

[13] D. Hooper, P. Blasi and P.D. Serpico, Pulsars as the Sources of High Energy Cosmic Ray

Positrons, JCAP 01 (2009) 025 [arXiv:0810.1527] [INSPIRE].

[14] H. Yuksel, M.D. Kistler and T. Stanev, TeV Gamma Rays from Geminga and the Origin of

the GeV Positron Excess, Phys. Rev. Lett. 103 (2009) 051101 [arXiv:0810.2784] [INSPIRE].

[15] S. Profumo, Dissecting cosmic-ray electron-positron data with Occam’s Razor: the role of

known Pulsars, Central Eur. J. Phys. 10 (2011) 1 [arXiv:0812.4457] [INSPIRE].

– 21 –

http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1103/PhysRevD.86.010001
http://inspirehep.net/search?p=find+J+Phys.Rev.,D86,010001
http://arxiv.org/abs/1303.5062
http://inspirehep.net/search?p=find+EPRINT+arXiv:1303.5062
http://dx.doi.org/10.1103/PhysRevLett.112.091303
http://arxiv.org/abs/1310.8214
http://inspirehep.net/search?p=find+EPRINT+arXiv:1310.8214
http://dx.doi.org/10.1103/PhysRevLett.109.181301
http://arxiv.org/abs/1207.5988
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.5988
http://dx.doi.org/10.1103/PhysRevLett.110.141102
http://inspirehep.net/search?p=find+J+Phys.Rev.Lett.,110,141102
http://dx.doi.org/10.1038/nature07942
http://arxiv.org/abs/0810.4995
http://inspirehep.net/search?p=find+EPRINT+arXiv:0810.4995
http://dx.doi.org/10.1103/PhysRevLett.108.011103
http://arxiv.org/abs/1109.0521
http://inspirehep.net/search?p=find+EPRINT+arXiv:1109.0521
http://dx.doi.org/10.1103/PhysRevLett.106.201101
http://arxiv.org/abs/1103.2880
http://inspirehep.net/search?p=find+EPRINT+arXiv:1103.2880
http://dx.doi.org/10.1103/PhysRevD.82.092004
http://arxiv.org/abs/1008.3999
http://inspirehep.net/search?p=find+EPRINT+arXiv:1008.3999
http://dx.doi.org/10.1038/nature07477
http://inspirehep.net/search?p=find+J+Nature,456,362
http://dx.doi.org/10.1103/PhysRevLett.101.261104
http://arxiv.org/abs/0811.3894
http://inspirehep.net/search?p=find+EPRINT+arXiv:0811.3894
http://dx.doi.org/10.1051/0004-6361/200913323
http://arxiv.org/abs/0905.0105
http://inspirehep.net/search?p=find+EPRINT+arXiv:0905.0105
http://dx.doi.org/10.1088/1475-7516/2009/01/025
http://arxiv.org/abs/0810.1527
http://inspirehep.net/search?p=find+EPRINT+arXiv:0810.1527
http://dx.doi.org/10.1103/PhysRevLett.103.051101
http://arxiv.org/abs/0810.2784
http://inspirehep.net/search?p=find+EPRINT+arXiv:0810.2784
http://dx.doi.org/10.2478/s11534-011-0099-z
http://arxiv.org/abs/0812.4457
http://inspirehep.net/search?p=find+EPRINT+arXiv:0812.4457


J
H
E
P
0
9
(
2
0
1
4
)
1
2
0

[16] D. Malyshev, I. Cholis and J. Gelfand, Pulsars versus Dark Matter Interpretation of

ATIC/PAMELA, Phys. Rev. D 80 (2009) 063005 [arXiv:0903.1310] [INSPIRE].

[17] FERMI-LAT collaboration, D. Grasso et al., On possible interpretations of the high energy

electron-positron spectrum measured by the Fermi Large Area Telescope,

Astropart. Phys. 32 (2009) 140 [arXiv:0905.0636] [INSPIRE].

[18] T. Linden and S. Profumo, Probing the Pulsar Origin of the Anomalous Positron Fraction

with AMS-02 and Atmospheric Cherenkov Telescopes, Astrophys. J. 772 (2013) 18

[arXiv:1304.1791] [INSPIRE].

[19] P.-F. Yin, Z.-H. Yu, Q. Yuan and X.-J. Bi, Pulsar interpretation for the AMS-02 result,

Phys. Rev. D 88 (2013) 023001 [arXiv:1304.4128] [INSPIRE].

[20] L. Bergstrom, T. Bringmann and J. Edsjo, New positron spectral features from

supersymmetric dark matter — a way to explain the PAMELA data?,

Phys. Rev. D 78 (2008) 103520 [arXiv:0808.3725] [INSPIRE].

[21] M. Cirelli and A. Strumia, Minimal Dark Matter predictions and the PAMELA positron

excess, PoS(IDM2008)089 [arXiv:0808.3867] [INSPIRE].

[22] V. Barger, W.Y. Keung, D. Marfatia and G. Shaughnessy, PAMELA and dark matter,

Phys. Lett. B 672 (2009) 141 [arXiv:0809.0162] [INSPIRE].

[23] D. Hooper, A. Stebbins and K.M. Zurek, Excesses in cosmic ray positron and electron spectra

from a nearby clump of neutralino dark matter, Phys. Rev. D 79 (2009) 103513

[arXiv:0812.3202] [INSPIRE].

[24] X.-J. Bi, P.-H. Gu, T. Li and X. Zhang, ATIC and PAMELA Results on Cosmic e± Excesses

and Neutrino Masses, JHEP 04 (2009) 103 [arXiv:0901.0176] [INSPIRE].

[25] D. Hooper and K.M. Zurek, The PAMELA and ATIC Signals From Kaluza-Klein Dark

Matter, Phys. Rev. D 79 (2009) 103529 [arXiv:0902.0593] [INSPIRE].

[26] K. Cheung, P.-Y. Tseng and T.-C. Yuan, Double-action dark matter, PAMELA and ATIC,

Phys. Lett. B 678 (2009) 293 [arXiv:0902.4035] [INSPIRE].

[27] C.-R. Chen, M.M. Nojiri, S.C. Park, J. Shu and M. Takeuchi, Dark matter and collider

phenomenology of split-UED, JHEP 09 (2009) 078 [arXiv:0903.1971] [INSPIRE].

[28] D.S.M. Alves, S.R. Behbahani, P. Schuster and J.G. Wacker, Composite Inelastic Dark

Matter, Phys. Lett. B 692 (2010) 323 [arXiv:0903.3945] [INSPIRE].

[29] A.A. El-Zant, S. Khalil and H. Okada, Dark Matter Annihilation and the PAMELA, FERMI

and ATIC Anomalies, Phys. Rev. D 81 (2010) 123507 [arXiv:0903.5083] [INSPIRE].

[30] M. Kuhlen and D. Malyshev, ATIC, PAMELA, HESS, Fermi and nearby Dark Matter

subhalos, Phys. Rev. D 79 (2009) 123517 [arXiv:0904.3378] [INSPIRE].

[31] S. Baek and P. Ko, Phenomenology of U(1)Lµ−Lτ
charged dark matter at PAMELA and

colliders, JCAP 10 (2009) 011 [arXiv:0811.1646] [INSPIRE].

[32] P. Ko and Y. Omura, Supersymmetric UB(1)×UL(1) model with leptophilic and leptophobic

cold dark matters, Phys. Lett. B 701 (2011) 363 [arXiv:1012.4679] [INSPIRE].

[33] S. Baek, P. Ko, W.-I. Park and Y. Tang, Indirect and direct signatures of Higgs portal

decaying vector dark matter for positron excess in cosmic rays, JCAP 06 (2014) 046

[arXiv:1402.2115] [INSPIRE].

– 22 –

http://dx.doi.org/10.1103/PhysRevD.80.063005
http://arxiv.org/abs/0903.1310
http://inspirehep.net/search?p=find+EPRINT+arXiv:0903.1310
http://dx.doi.org/10.1016/j.astropartphys.2009.07.003
http://arxiv.org/abs/0905.0636
http://inspirehep.net/search?p=find+EPRINT+arXiv:0905.0636
http://dx.doi.org/10.1088/0004-637X/772/1/18
http://arxiv.org/abs/1304.1791
http://inspirehep.net/search?p=find+EPRINT+arXiv:1304.1791
http://dx.doi.org/10.1103/PhysRevD.88.023001
http://arxiv.org/abs/1304.4128
http://inspirehep.net/search?p=find+EPRINT+arXiv:1304.4128
http://dx.doi.org/10.1103/PhysRevD.78.103520
http://arxiv.org/abs/0808.3725
http://inspirehep.net/search?p=find+J+Phys.Rev.,D78,103520
http://pos.sissa.it/cgi-bin/reader/contribution.cgi?id=PoS(IDM2008)089
http://arxiv.org/abs/0808.3867
http://inspirehep.net/search?p=find+EPRINT+arXiv:0808.3867
http://dx.doi.org/10.1016/j.physletb.2009.01.016
http://arxiv.org/abs/0809.0162
http://inspirehep.net/search?p=find+J+Phys.Lett.,B672,141
http://dx.doi.org/10.1103/PhysRevD.79.103513
http://arxiv.org/abs/0812.3202
http://inspirehep.net/search?p=find+EPRINT+arXiv:0812.3202
http://dx.doi.org/10.1088/1126-6708/2009/04/103
http://arxiv.org/abs/0901.0176
http://inspirehep.net/search?p=find+J+JHEP,0904,103
http://dx.doi.org/10.1103/PhysRevD.79.103529
http://arxiv.org/abs/0902.0593
http://inspirehep.net/search?p=find+EPRINT+arXiv:0902.0593
http://dx.doi.org/10.1016/j.physletb.2009.06.028
http://arxiv.org/abs/0902.4035
http://inspirehep.net/search?p=find+EPRINT+arXiv:0902.4035
http://dx.doi.org/10.1088/1126-6708/2009/09/078
http://arxiv.org/abs/0903.1971
http://inspirehep.net/search?p=find+EPRINT+arXiv:0903.1971
http://dx.doi.org/10.1016/j.physletb.2010.08.006
http://arxiv.org/abs/0903.3945
http://inspirehep.net/search?p=find+EPRINT+arXiv:0903.3945
http://dx.doi.org/10.1103/PhysRevD.81.123507
http://arxiv.org/abs/0903.5083
http://inspirehep.net/search?p=find+EPRINT+arXiv:0903.5083
http://dx.doi.org/10.1103/PhysRevD.79.123517
http://arxiv.org/abs/0904.3378
http://inspirehep.net/search?p=find+EPRINT+arXiv:0904.3378
http://dx.doi.org/10.1088/1475-7516/2009/10/011
http://arxiv.org/abs/0811.1646
http://inspirehep.net/search?p=find+EPRINT+arXiv:0811.1646
http://dx.doi.org/10.1016/j.physletb.2011.06.009
http://arxiv.org/abs/1012.4679
http://inspirehep.net/search?p=find+EPRINT+arXiv:1012.4679
http://dx.doi.org/10.1088/1475-7516/2014/06/046
http://arxiv.org/abs/1402.2115
http://inspirehep.net/search?p=find+EPRINT+arXiv:1402.2115


J
H
E
P
0
9
(
2
0
1
4
)
1
2
0

[34] C.-R. Chen, F. Takahashi and T.T. Yanagida, Gamma rays and positrons from a decaying

hidden gauge boson, Phys. Lett. B 671 (2009) 71 [arXiv:0809.0792] [INSPIRE].

[35] C.-R. Chen, F. Takahashi and T.T. Yanagida, High-energy Cosmic-Ray Positrons from

Hidden-Gauge-Boson Dark Matter, Phys. Lett. B 673 (2009) 255 [arXiv:0811.0477]

[INSPIRE].

[36] C.-R. Chen and F. Takahashi, Cosmic rays from Leptonic Dark Matter, JCAP 02 (2009) 004

[arXiv:0810.4110] [INSPIRE].

[37] P.-f. Yin et al., PAMELA data and leptonically decaying dark matter,

Phys. Rev. D 79 (2009) 023512 [arXiv:0811.0176] [INSPIRE].

[38] K. Hamaguchi, E. Nakamura, S. Shirai and T.T. Yanagida, Decaying Dark Matter Baryons in

a Composite Messenger Model, Phys. Lett. B 674 (2009) 299 [arXiv:0811.0737] [INSPIRE].

[39] A. Ibarra and D. Tran, Decaying Dark Matter and the PAMELA Anomaly,

JCAP 02 (2009) 021 [arXiv:0811.1555] [INSPIRE].

[40] C.-R. Chen, M.M. Nojiri, F. Takahashi and T.T. Yanagida, Decaying Hidden Gauge Boson

and the PAMELA and ATIC/PPB-BETS Anomalies, Prog. Theor. Phys. 122 (2009) 553

[arXiv:0811.3357] [INSPIRE].

[41] E. Nardi, F. Sannino and A. Strumia, Decaying Dark Matter can explain the e± excesses,

JCAP 01 (2009) 043 [arXiv:0811.4153] [INSPIRE].

[42] A. Arvanitaki, S. Dimopoulos, S. Dubovsky, P.W. Graham, R. Harnik and S. Rajendran,

Astrophysical Probes of Unification, Phys. Rev. D 79 (2009) 105022 [arXiv:0812.2075]

[INSPIRE].

[43] K. Hamaguchi, S. Shirai and T.T. Yanagida, Cosmic Ray Positron and Electron Excess from

Hidden-Fermion Dark Matter Decays, Phys. Lett. B 673 (2009) 247 [arXiv:0812.2374]

[INSPIRE].

[44] K. Ishiwata, S. Matsumoto and T. Moroi, Cosmic-Ray Positron from Superparticle Dark

Matter and the PAMELA Anomaly, Phys. Lett. B 675 (2009) 446 [arXiv:0811.0250]

[INSPIRE].

[45] K. Ishiwata, S. Matsumoto and T. Moroi, High Energy Cosmic Rays from Decaying

Supersymmetric Dark Matter, JHEP 05 (2009) 110 [arXiv:0903.0242] [INSPIRE].

[46] S.-L. Chen, R.N. Mohapatra, S. Nussinov and Y. Zhang, R-Parity Breaking via Type II

Seesaw, Decaying Gravitino Dark Matter and PAMELA Positron Excess,

Phys. Lett. B 677 (2009) 311 [arXiv:0903.2562] [INSPIRE].

[47] A. Arvanitaki, S. Dimopoulos, S. Dubovsky, P.W. Graham, R. Harnik and S. Rajendran,

Decaying Dark Matter as a Probe of Unification and TeV Spectroscopy,

Phys. Rev. D 80 (2009) 055011 [arXiv:0904.2789] [INSPIRE].

[48] C.-H. Chen, C.-Q. Geng and D.V. Zhuridov, ATIC/PAMELA anomaly from fermionic

decaying Dark Matter, Phys. Lett. B 675 (2009) 77 [arXiv:0901.2681] [INSPIRE].

[49] C.-H. Chen, C.-Q. Geng and D.V. Zhuridov, Neutrino Masses, Leptogenesis and Decaying

Dark Matter, JCAP 10 (2009) 001 [arXiv:0906.1646] [INSPIRE].

[50] C.-H. Chen, C.-Q. Geng and D.V. Zhuridov, Resolving Fermi, PAMELA and ATIC

anomalies in split supersymmetry without R-parity, Eur. Phys. J. C 67 (2010) 479

[arXiv:0905.0652] [INSPIRE].

– 23 –

http://dx.doi.org/10.1016/j.physletb.2008.11.048
http://arxiv.org/abs/0809.0792
http://inspirehep.net/search?p=find+J+Phys.Lett.,B671,71
http://dx.doi.org/10.1016/j.physletb.2009.02.046
http://arxiv.org/abs/0811.0477
http://inspirehep.net/search?p=find+J+Phys.Lett.,B673,255
http://dx.doi.org/10.1088/1475-7516/2009/02/004
http://arxiv.org/abs/0810.4110
http://inspirehep.net/search?p=find+J+JCAP,0902,004
http://dx.doi.org/10.1103/PhysRevD.79.023512
http://arxiv.org/abs/0811.0176
http://inspirehep.net/search?p=find+J+Phys.Rev.,D79,023512
http://dx.doi.org/10.1016/j.physletb.2009.03.025
http://arxiv.org/abs/0811.0737
http://inspirehep.net/search?p=find+EPRINT+arXiv:0811.0737
http://dx.doi.org/10.1088/1475-7516/2009/02/021
http://arxiv.org/abs/0811.1555
http://inspirehep.net/search?p=find+EPRINT+arXiv:0811.1555
http://dx.doi.org/10.1143/PTP.122.553
http://arxiv.org/abs/0811.3357
http://inspirehep.net/search?p=find+EPRINT+arXiv:0811.3357
http://dx.doi.org/10.1088/1475-7516/2009/01/043
http://arxiv.org/abs/0811.4153
http://inspirehep.net/search?p=find+EPRINT+arXiv:0811.4153
http://dx.doi.org/10.1103/PhysRevD.79.105022
http://arxiv.org/abs/0812.2075
http://inspirehep.net/search?p=find+EPRINT+arXiv:0812.2075
http://dx.doi.org/10.1016/j.physletb.2009.02.032
http://arxiv.org/abs/0812.2374
http://inspirehep.net/search?p=find+EPRINT+arXiv:0812.2374
http://dx.doi.org/10.1016/j.physletb.2009.04.049
http://arxiv.org/abs/0811.0250
http://inspirehep.net/search?p=find+EPRINT+arXiv:0811.0250
http://dx.doi.org/10.1088/1126-6708/2009/05/110
http://arxiv.org/abs/0903.0242
http://inspirehep.net/search?p=find+EPRINT+arXiv:0903.0242
http://dx.doi.org/10.1016/j.physletb.2009.05.051
http://arxiv.org/abs/0903.2562
http://inspirehep.net/search?p=find+EPRINT+arXiv:0903.2562
http://dx.doi.org/10.1103/PhysRevD.80.055011
http://arxiv.org/abs/0904.2789
http://inspirehep.net/search?p=find+EPRINT+arXiv:0904.2789
http://dx.doi.org/10.1016/j.physletb.2009.03.067
http://arxiv.org/abs/0901.2681
http://inspirehep.net/search?p=find+EPRINT+arXiv:0901.2681
http://dx.doi.org/10.1088/1475-7516/2009/10/001
http://arxiv.org/abs/0906.1646
http://inspirehep.net/search?p=find+EPRINT+arXiv:0906.1646
http://dx.doi.org/10.1140/epjc/s10052-010-1317-3
http://arxiv.org/abs/0905.0652
http://inspirehep.net/search?p=find+EPRINT+arXiv:0905.0652


J
H
E
P
0
9
(
2
0
1
4
)
1
2
0

[51] P. Minkowski, µ → eγ at a Rate of One Out of 1-Billion Muon Decays?,

Phys. Lett. B 67 (1977) 421 [INSPIRE].

[52] T. Yanagida, Horizontal gauge symmetry and masses of neutrinos, in Proceedings of the

Workshop on Unified Theories and Baryon Number in the Universe, A. Sawada and

A. Sugamoto eds., National Laboratory For High-energy Physics (KEK), Tsukuba, Japan,

13–14 February 1979, [KEK-79-18].

[53] S. Glashow, The future of elementary particle physics, in Quarks and Leptons,

NATO Advanced Study Institutes Series 61 (1980) 687.

[54] M. Gell-Mann, P. Ramond, and R. Slansky, Complex Spinors and Unified Theories, in

Supergravity: proceedings of the Supergravity Workshop at Stony Brook, P. Van

Nieuwenhuizen and D. Freedman eds., North-Holland, Amsterdam, Netherlands (1979).

[arXiv:1306.4669] [INSPIRE].
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