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In this paper, we explore a dark sector scenario with a gauged SUð2ÞR and a global Uð1ÞX × Z2, where
the continuous symmetries are spontaneously broken to a globalUð1ÞD. We show that in various regions of
the parameter space we can have two, or three dark matter candidates, where these dark matter particles are
either a Dirac fermion, a dark gauge boson, or a complex scalar. The phenomenological implications of this
scenario are vast and interesting. We identify the parameter space that is still viable after taking into account
the constraints from various experiments. We, also, discuss how this scenario can explain the recent
observation by DAMPE in the electron-positron spectrum. Furthermore, we comment on the neutrino mass
generation through nonrenormalizable interactions between the standard model and the dark sector.
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I. INTRODUCTION

Despite the numerous successes of the standard model
(SM) in describing the observed phenomena, there are still
intriguing questions that are waiting to be answered.
Arguably, the most important one among them is the
nature and origin of dark matter (DM). For some decades,
the leading theory was a single-component thermal relic
with weak size couplings and mass, commonly known as a
weakly interacting massive particle. With the advancement
of experiments, however, most of the parameter space
of a single-component thermal relic has been excluded.
Therefore, we are compelled to examine more complex
structures of dark sectors. Among the proposed scenarios,
multicomponent dark matter (MCDM) has attracted a lot of
attention [1–28]. In these scenarios, the total relic abun-
dance of dark matter is due to the existence of multiple dark
matter species. Given the rather complex structure of the
SM, it should not be surprising if the dark sector has
multiple species as well, but to further motivate MCDM
scenarios, the extra degrees of freedom (d.o.f.) in the dark
sector are usually employed to explain some other short-
comings of the SM.
The most common approach in MCDM models is to

assume one or multiple symmetries in the dark sector.

MCDM models with a gauged Uð1Þ extension or con-
served non-Abelian gauge symmetries have already
received some attention [16,17,22–24,29–33]. In this
paper, we focus on a gauged SUð2ÞR times a global
Uð1ÞX that are spontaneously broken to a global Uð1ÞD,
once a scalar ϕ—a doublet of SUð2ÞR with a nonzero
charge under Uð1ÞX—acquires a vacuum expectation
value (VEV). Due to this breaking, we have three
massive gauge bosons (Wμ

R). We further assume that
the dark sector respects a Z2 symmetry that stays
conserved after the spontaneous symmetry breaking.
This Z2 symmetry becomes crucial in making sure we
have multiple DM species in various regions of the
parameter space. To extend the dynamics of the dark
sector, we assume there exists another scalar (η), and two
Dirac fermions (χ1 and χ2), some of which have the
potential to be a dark matter candidate.
The communication of the dark sector with the SM

content can occur through various means (e.g., kinetic
mixing, scalar portal, etc.). The kinetic mixing of non-
Abelian symmetries with any of the SM gauge symmetries
is usually nonrenormalizable, leading to a small interaction
between the particles in the two sectors. Therefore, we
mainly focus on the scalar portal induced by ϕ and the SM
Higgs acquiring VEVs. This is in many ways similar to a
simple Higgs portal model; however, it has some extra
advantages that are listed below:
(1) Large self-interactions between some of the DM

candidates: Even though collisionless cold dark
matter is successful in describing large-scale struc-
tures [34], it faces some difficulty in describing
small-scale structures. N-body simulations have
shown that self-interacting DM can alleviate the
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small-scale structure problems [35,36]. On the other
hand, from direct-detection experiments, we are led
to believe that DM has negligible interactions with
nucleons [37]. Therefore, the dark sector could have
a nontrivial structure, where it can allow a strong
self-interaction, while the portal between the dark
sector and SM is rather weak. This is easily achieved
in our model.

(2) The extra bosonic d.o.f. can be used to alleviate the
Higgs hierarchy problem [3,38–43], rescue the
vacuum instability [3,44–48] and allow for a strong
first-order phase transition, which is needed to
prevent baryonic asymmetry from washing out after
its generation [49–51].

(3) Recently, the DArk Matter Particle Explorer
(DAMPE) Collaboration released their new meas-
urement of the electron-positron flux in the energy
range 25 GeV to 4.6 TeV [52]. The results show a
sharp peak above the background around 1.4 TeV.
The sharpness of the peak suggests that DM from a
nearby source is annihilating to eþe− [28,36,53–76].
Assuming that the excess is indeed due to the
interaction of DM with electrons, to achieve the
height of the resonance, the annihilation cross
section needs to be much larger than that of the
canonical single-component thermal relic. To en-
hance the cross section of dark matter candidates
with electrons, we also charge the right-handed
electron under SUð2ÞR ×Uð1ÞX. Even though the
main motivation for distinguishing the right-handed
electron is the results of the DAMPE experiment, the
annihilation of dark matter candidates to an electron-
positron pair plays a crucial role in setting the relic
abundance.

(4) Neutrino mass generation: Another important ob-
servation that cannot be justified within the context
of the SM is the mass of neutrinos. In the most
minimalistic scenario, we can use the Weinberg
operator ðLHÞ2=Λ [77], where Λ refers to the mass
of a heavy Majorana fermion. A simple calculation
reveals that Λ has to be bigger than 1014 GeV [78],
which is larger than the Landau pole, and in the
regime where we cannot trust the SM framework.
With a more complex dark sector, we can connect
the mass of neutrinos to some of the d.o.f. in the dark
sector. We still use nonrenormalizable operators to
get a neutrino mass; however, we find a smaller
value for the cutoff scale.

In the following section, we explain the model in greater
detail and introduce the dark matter candidates. In Sec. III,
we find the relic abundance of each DM particle and
identify the constraints coming from DM detection experi-
ments. Some comments about neutrino mass generation are
given in Sec. III D. Finally, the concluding remarks are
presented in Sec. IV.

II. MODEL

We study a new physics scenario where the standard
model gauge symmetries are augmented by a gauged
SUð2ÞR and a global Uð1ÞX × Z2. We supplement the
scalar content by two SM singlet scalars: ϕ which is a
doublet of SUð2ÞR,

ϕ ¼
 

1ffiffi
2

p ðG1
ϕ þ iG2

ϕÞ
φ0 þ iG3

ϕ

!
; ð1Þ

with Gi being the Goldstone bosons, and η which is a
singlet of SUð2ÞR; both ϕ and η have nonzero charges
under Uð1ÞX. We also extend the fermionic fields by a
doublet XR ¼ ðχ2 χ1ÞTR, and two singlets (XL ¼ χL1 ; χ

L
2 )

of SUð2ÞR. These fields are complete singlets of the SM
gauge symmetries, but they have nonzero Uð1ÞX × Z2

charges to avoid mixing with left-handed neutrinos.
Motivated by the DAMPE excess, we also assume

that the right-handed electron is charged under SUð2ÞR.
For the notation, we use ER ¼ ðe0 eÞTR, where e is the
familiar SM electron, and e0 is a particle with exactly the
same quantum numbers as the right-handed electron.
The list of the new particles and their charges is presented
in Table I.
In the interaction basis, the Lagrangian of the relevant

fields has the following form:

L ¼ LSM þ Lkin þ LYuk þ Lint − VðH;ϕ; ηÞ; ð2Þ

where,

Lkin ¼
1

4
Wa

RμνW
aμν
R þ

X
i¼1;2

χ̄iLð{=∂ÞχiL þ X̄Rð{=DÞXR

þ ĒRð{=DÞER þ ðDμϕÞ†ðDμϕÞ þ ð∂μηÞ†ð∂μηÞ;
LY ¼ Ỹ1X̄Rϕχ

1
L þ Ỹ2X̄Rϕ̃χ

2
L þ ye

Λ
ðL̄HÞðϕ†ERÞ þ H:c:;

Lint ¼
yχL
Λ0 ðL̄cH̃⋆Þðη⋆χL2 Þ þ H:c: ð3Þ

TABLE I. The quantum numbers of the newly introduced
particles under the dark symmetries (SUð2ÞR ×Uð1ÞX × Z2)
and the SM symmetries are presented in this table.

Particles SUð2ÞR Uð1ÞX Z2 SUð3ÞC × SUð2ÞL × Uð1ÞY
WRμ 3 0 þ (1, 1, 0)
ϕ 2 1=2 þ (1, 1, 0)
η 1 2 − (1, 1, 0)

χ1L 1 1 − (1, 1, 0)
χ2L 1 2 − (1, 1, 0)
XR 2 3=2 − (1, 1, 0)
ER 2 1=2 þ ð1; 1;−1Þ
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In the kinetic Lagrangian, Dμ ¼ ∂μ þ igR τa

2
Wa

Rμν þ igYBμ,
with gR being the coupling of the SUð2ÞR, and gY is the
hypercharge value. The SUð2ÞR field tensor is given by
Wμν

R ¼ ∂μWν
R − ∂νWμ

R − igR½Wμ
R;W

ν
R�. In this Lagrangian,

Ỹi are the Yukawa couplings between χi and ϕ, ϕ̃ ¼ ιτ2ϕ⋆
and H̃ ¼ {τ2H⋆. The last term in the Yukawa Lagrangian
is the electron Yukawa interaction which due to the
charge of ER under SUð2ÞR becomes nonrenormalizable.1

Another higher-dimensional operator that becomes impor-
tant in figuring out the dynamics of the dark sector is
shown in Lint. The cutoff scale appearing in Lint does
not have to be the same as the one appearing in the
electron Yukawa (e.g., Λ ≠ Λ0), and so we distinguish
between them.
To write the scalar potential, VðH;ϕ; ηÞ, we first need to

comment on whether the new symmetries are conserved or
broken. To ensure massive gauge bosons and fermions in
the dark sector, we assume ϕ acquires a VEV and thus
breaks the SUð2ÞR × Uð1ÞX at the scale vϕ. Consequently,
the scalar potential becomes2

VðH;ϕ; ηÞ ¼ −μ2HH†H − μ2ϕϕ
†ϕþ μ2ηη

†η

þ λHðH†HÞ2 þ λϕðϕ†ϕÞ2 þ ληðη†ηÞ2
þ ξHϕðH†HÞðϕ†ϕÞ þ ξhðH†HÞðη†ηÞ
þ ξϕðϕ†ϕÞðη†ηÞ: ð4Þ

Note that since ϕ is even under the Z2 symmetry, the Z2

symmetry is conserved after the spontaneous symmetry
breaking (SSB). Before moving on to the phenomenologi-
cal effects of the SUð2ÞR ×Uð1ÞX and the electroweak
(EW) SSB, we note that the stability of the vacuum
puts some constraints on the couplings of the scalar
potential [79]

λH; λϕ; λη > 0; ξHϕ > −2
ffiffiffiffiffiffiffiffiffiffi
λHλϕ

q
;

ξh > −2
ffiffiffiffiffiffiffiffiffiffi
λHλη

q
; ξϕ > −2

ffiffiffiffiffiffiffiffiffi
λϕλη

q
;ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

λHλϕλη
q

þ ξHϕ

ffiffiffiffi
λη

q
þ ξh

ffiffiffiffiffi
λϕ

q
þ ξϕ

ffiffiffiffiffiffi
λH

p
≥ 0;

λHλϕλη − ðξ2Hϕλη þ ξ2hλϕ þ ξ2ϕλHÞ þ 2ξHϕξhξϕ ≥ 0:

From minimizing the potential, we can find the values of
the VEVs:

v2h ¼
4λϕμ

2
H − 2ξHϕμ

2
ϕ

4λHλϕ − ξ2Hϕ

; v2ϕ ¼ 4λHμ
2
ϕ − 2ξHϕμ

2
H

4λHλϕ − ξ2Hϕ

: ð5Þ

One of the most important consequences of the
SUð2ÞR ×Uð1ÞX and electroweak SSB is the inducement
of the scalar portal, that is, the mixing3 between the neutral
CP-even component of the Higgs field and that of the ϕ
field. As a result of this mixing, we have two scalars in the
mass basis that interact with both the SM sector and dark
sector as a function of the mixing angle α. That is

�
h

φ

�
¼
�
cα −sα
sα cα

��
h0

φ0

�
; ð6Þ

where h0 and φ0 are the CP-even components of the Higgs
and ϕ doublet, respectively, and h and φ are the physical
fields in the mass basis. We have used cα ¼ cos α and
sα ¼ sin α, with α being

α ¼ 1

2
tan−1

ξHϕvhvϕ
v2hλH − v2ϕλϕ

:

The masses of the scalars are, therefore,

m2
h ¼ v2hλH þ v2ϕλϕ − ðv2ϕλϕ − v2hλHÞ= cosð2αÞ;

m2
ϕ ¼ v2hλH þ v2ϕλϕ þ ðv2ϕλϕ − v2hλHÞ= cosð2αÞ;

m2
η ¼ μ2η þ ξhv2h þ ξϕv2ϕ:

Similarly, we can find the masses of the dark gauge
bosons and the fermions:

mWR
¼ gRvϕffiffiffi

2
p ; mχi ¼

yχivϕffiffiffi
2

p : ð7Þ

One important difference between this symmetry breaking
and the EW symmetry breaking is that Uð1ÞX is global, and
thus does not affect the covariant derivative. Hence, the
masses of all three gauge bosons associated with SUð2ÞR
(WR) are the same.
In this article, we are interested in the phenomenology of

the dark matter candidates, and thus it is important to figure
out which dark sector particles are cosmologically stable.
Given that SUð2ÞR ×Uð1ÞX is broken, we need to revisit
the conserved symmetries at low scales. Studying the
Lagrangian after the SSB, we can convince ourselves that
there is a residual Uð1ÞD symmetry along with the original
Z2 symmetry, which leads to the stability of at least two
particles in the dark sector. The charges of various particles
under the Uð1ÞD × Z2 symmetry is shown in Table II,

1As we will discuss later, ϕ acquires a vacuum expectation
value and generates a mass for the electrons. The empirical value
of the electron mass gives a lower bound on Λ, yevϕvh=Λ ∼me,
which means that Λ=ye ∼ 5 × 106 TeV if vϕ ∼ 10 TeV.

2As it is clear from the form of potential, η does not acquire a
VEV, because its mass term is positive (þμ2η).

3Since η does not acquire a VEV, there is no mixing between
the CP-even component of η and the other scalars.
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where the Uð1ÞD charges are simply ðI3ÞR þ X, with X
being their charges under Uð1ÞX.
As e0 has electromagnetic charge, it is not a good dark

matter candidate. Therefore, we must assume4 me0 ≫ mWR
.

Among the other particles listed in Table II,W3
R is also not a

DM candidate because it is not charged under either of the
Uð1ÞD × Z2 symmetries. More specifically, as long as
mWR

> 2me (which as we will show later, the collider
constraints require to be true), we can always have the
decay of W3

R → eþe−. The rest of the particles mentioned
in Table II are connected through the Feynman diagram
shown in Fig. 1. Depending on the masses of the dark
sector particles, they can decay into each other. For
simplicity, we will assume mχ2 is considerably larger than
the rest of them, so the true players in the DM phenom-
enology are χ1, W�

R and η.
Collecting the relevant free parameters of our model, we

can categorize them into

Scales∶ vϕ; mη; yχL=Λ
0;

Couplings∶ gR; yχi ; ξh; ξϕ;

Mixing Angles∶ α:

Particles in the dark sector can interact with SM particles
via the scalar portal as well as the direct coupling of the right-
handed electrons to dark gauge bosons. In the following
section, we first identify the dark matter candidates in each
region of the parameter space and then find their relic
abundance. We also explain the constraints various experi-
ments impose on the parameter space. However, before
diving into the phenomenology, we first address the issue of
the gauge anomaly that is present in the model.

A. Anomaly

The gauged SUð2ÞR symmetry we have introduced is
anomalous. Since gauge anomalies5 are dangerous, we
need to extend the model to cancel the anomalies.

(1) Among the triangle diagrams, SUð2Þ3R is also
anomaly free, due to the tracelessness of the
SUð2Þ symmetries.

(2) The triangle diagram with ½SUð2ÞR�2Uð1ÞY is
anomaly free if and only if the sum of the chiral
fermion hypercharges going through the loop is 0
(e.g.,

P
Y ¼ 0).

(3) Another triangle diagram that leads to a gauge
anomaly is ½Yð1ÞY �3, which requires the sum of
the cube of hypercharges to vanish (e.g.,

P
Y3 ¼ 0).

From the points listed above, it is clear that only ER leads
to gauge anomalies, because it is charged under both
SUð2ÞR and Uð1ÞY . The minimal way to cancel the
anomalies mentioned in 2) and 3) is to introduce another
a doublet of SUð2ÞR that has hypercharge þ1, which we
call Ψ ¼ ðψ1 ψ2ÞT , and ψ3 which is a singlet of SUð2ÞR
with Y ¼ −1.
We will have to assume that the masses of ψ i are large

enough that they would not interfere with our phenom-
enology, but not too large that they would decouple from
the theory and leave the model anomalous. To achieve this
goal, we will assume there are some vector-like fermions,
fi, that can mix with the ψ i’s after ϕ acquires a VEV, and
thus give the ψ i’s some mass. Specifically, we will extend
our model to include the fermions mentioned in Table III.
The Lagrangian terms that lead to masses for ψ i and

e0 are

LVL ⊃ ye0Ē ϕ̃ fe0 þ yψ1
Ψ̄ ϕ̃ f1 þ yψ2

Ψ̄ϕf2 þ yψ3
f̄3ϕψ3

þ
X
i

Mfi f̄ifi; ð8Þ

where i ¼ e0; 1; 2; 3 in the last Lagrangian term. We take
Mfi to be on the order of vϕ so that e0, ψ i can acquire
masses at or below vϕ. However, we will assume that
these masses are near mχ2 and thus larger than all of
our dark matter candidates. Furthermore, taking vϕ ∼
Oð2–10 TeVÞ, we can also be sure that the existence
of these particles is not threatened by the current search
for exotic particles with electromagnetic charge [80]. It is
also noteworthy to mention that we assume there are no

TABLE II. The charges of the newly introduced particles under
the Uð1ÞD × Z2 symmetries which are the leftover symmetries
after the SSB. The lightest particles charged under either the
Uð1ÞD or Z2 symmetry are dark matter candidates.

Z2 Uð1ÞD
χ2 − 2
χ1 − 1
e0 þ 1
W�

R þ �1

W3
R þ 0

η − 2

FIG. 1. Dark matter candidates ðχ1;W�
R ; ηÞ are connected to

each other through these diagrams.

4A mechanism for e0 mass generation is provided in Sec. II A.
5The anomaly in the global Uð1ÞX, is not dangerous, because

the anomalies in global symmetries only lead to the appearance of
new vertices.

FATEMEH ELAHI and SARA KHATIBI PHYS. REV. D 100, 015019 (2019)

015019-4



vector-like fermions with quantum numbers ðSUð2ÞR;
Uð1ÞY; Uð1ÞXÞ ¼ ð1;−1; 0Þ to avoid new contributions
to the electron mass.
Having gone over the issue of gauge anomalies, we can

now be confident that our theory is consistent. Hence, we
can study the phenomenology of DM candidates in the
subsequent section.

III. DARK MATTER CANDIDATES

To have a reliable DM model, the DM particles must be
long-lived and produce the correct relic density and satisfy
the limits of direct and indirect searches. In this section, we
examine each of these steps, starting with the identification
of the stable dark sector particles in various regions of the
parameter space.
Stability of the DM candidates:
The simplest way to ensure the stability of DM candi-

dates is to use the symmetries of the model. There is a
Uð1ÞD × Z2 symmetry that stays conserved after the SSB.
Therefore, the lightest particles charged under these sym-
metries are DM candidates. Taking e0 andmχ2 to be heavier
than χ1, WR and η, we have the following DM candidates:
(1) mWR

> mχ1 þmη: η and χ1;
(2) mη > mχ1 þmWR

: WR and χ1;
(3) mχ1 > mWR

þmη: η and WR;
(4) jmχ1 −mηj < mWR

< mχ1 þmη: η, WR, and χ1,
where in the last line we have three DM candidates due
to the kinematics. The schematic figures of these conditions
are shown in Fig. 2. In the following subsection, we
calculate the relic abundance for each of these DM
candidates.

A. Relic abundance

In thermal MCDM scenarios, each dark matter particle
starts out in thermal equilibrium with SM particles,
and once the temperature falls below the DM mass, DM
particles will only annihilate until they freeze out. The most

recent experimental value for the relic density ðΩDMh2 ¼
0.119Þ was reported by Planck Collaboration [81]. To
calculate the DM relic abundance in our model, the coupled
Boltzmann equation is applied to study the evolution of the
DM particles [82]. Assuming a thermal relic, we can write

dn
dt

þ 3Hn ¼ −hσviðn2 − n2eqÞ; ð9Þ

where n and neq denote the number density and equilibrium
density of the DM particles respectively and H is the
Hubble parameter, and the thermal average annihilation
cross section is shown by hσvi. The annihilation Feynman
diagrams for all of the DM components are depicted in
Fig 3, where SM denotes W, Z bosons and the top quark.
For Eq. (9) to be valid, we need to make sure

Γχ2 ≫ mDM. In other words, we want χ2 to decay long
before the DM particles become nonrelativistic. Therefore,

Γχ2 ∼
y2χLm

3
χ2

Λ0216π2
≫ H ¼ 1.66

ffiffiffiffiffi
gρ�

p
T2

;
MPl

����
T¼mDM

;

whereMPl is the reduced Planck mass and g⋆ represents the
relativistic d.o.f. at temperature T. This constraint puts a

mild bound on ðΛ0=yχLÞ≲
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MPlm3

χ2

q
=ð12πmDMÞ. For

example, if we care about DM particles with OðTeVÞ
mass, so that we takemχ2 ∼ 10 TeV and yχL ∼Oð1Þ, we get
Λ0 < 5 × 107 TeV. Furthermore, we need to assume that
any of the W�

R ; χ1, or η that are not DM decay quickly
enough that they do not interfere with the relic abundance
of DM particles once DM becomes nonrelativistic. Hence,
if we show the decaying particle by DM0, we roughly get

TABLE III. The quantum numbers of the fermions we need to
include in our model to make sure the model is consistent. The qk
with k ¼ Ψ;ψ can be any arbitrary numbers, as long as qψ ≠ 0.
The fi, with i ¼ 1; 2; 3; e0 fermions are vector-like fermions that
will mix with the mentioned chiral fermions after ϕ gets a VEV,
and lead to masses for chiral fermions.

Particles SUð2ÞR Uð1ÞY Uð1ÞX
ER 2 −1 1=2
Ψ 2 þ1 qΨ
ψ3 1 −1 qψ
fe0 1 −1 1
f1 1 1 qΨ þ 1=2
f2 1 1 qΨ − 1=2
f3 2 −1 qψ þ 1=2

FIG. 2. The region of parameter space, where the DM candi-
dates are specified. We have assumed e0, χ2 are much heavier than
χ1, W�

R , and η and can decay to lighter dark sector particles.
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Oð1Þ m5
DM0

Λ02m2
χ216π

2
≫ H ¼ 1.66

ffiffiffiffiffi
gρ�

p
T2

MPl

����
T¼mDM

;

where Oð1Þ represents the couplings yχL and the other
couplings involved. Taking mDM0 ∼ 2 TeV, and using the
same benchmarks as before, we arrive at the slightly more
stringent bound Λ0 < 106 TeV. As long as this condition is
satisfied, we can be confident that the decays of heavier
dark sector particles do not play a role in the relic
abundance of DM candidates.
The only diagram that leads to semiannihilation between

DM candidates is the one shown in Fig. 1, which is roughly

hσviDM1DM2→DM3νl
∼
g2Ry

2
χLm

2
DM

32πΛ02m2
χ2

;

where DMi ¼ χ1;W�
R , and η, and we have assumed all of

them have roughly the same mass, mDM. Using the usual
benchmark values gR∼yχL ∼1;mDM∼1TeV;mχ2 ∼10TeV,
and taking6 Λ0 ∼ 104 TeV, the semiannihilation cross
section is approximately 10−37 cm2, and thus is extremely
small. Therefore, we ignore the semiannihilation diagrams.
Consequently, the calculation of the relic abundance is
greatly simplified and the only important ingredient we
need is the annihilation cross sections of each of the DM
candidates. The analytical expressions of the annihilation
diagrams can be found in the Appendix [83,84].

To get a better understanding of the relative sizes of these
annihilation processes with respect to each other, Fig. 4
shows the cross sections of various diagrams where we
have fixed gR ¼ 0.65; yχ ¼ ξh ¼ ξϕ ¼ 0.3, and sα ¼ 0.1.
We have also fixed mϕ ¼ vϕ and mχ2 ¼ 10 TeV. The left
panel of Fig. 4, shows the annihilation of χχ to various final
states. The red line is χχ → eReR through W3

R, and as we
can see it has a very significant rate. χχ → SMSM, where
SM ¼ t;W�; Z; h is shown in green. The blue line is the
cross section of χχ → ηη times a factor of 1010, where we
have taken mη ¼ 3 TeV. This channel opens up for mχ >
3 TeV and the rate is very small ð∼5 × 10−37 cm2Þ. With
the parameters chosen, mχ is smaller than mWR

and mϕ

[Eq. (7)], and thus the annihilation of χχ → WRWR;ϕh;ϕϕ
does not happen. The middle panel of Fig. 4 shows the
annihilation of WRWR to various final states, where we
have again taken mη ¼ 3 TeV. The annihilation of
WRWR → eReR is p-wave and thus it is comparatively
smaller than χχ → eReR. The annihilation of WR ’s to SM
particles and η, however, benefits from a higher coupling
(gR > yχ) and thus it is relatively bigger. Furthermore, the
annihilation of WR to a pair of χ ’s is also kinematically
possible and has a fairly large rate.7 Finally, the right

FIG. 3. The annihilation Feynman diagrams of DM candidates: the Dirac fermion χ1 (first line), dark gauge boson WR (second line)
and complex scalar η (third line). For notation, we have used hi ¼ h;φ, and SM ¼ t;W�, and Z. For the places where both χ1 and χ2
contribute, we have used χi, and for the places where any of the dark gauge bosons could contribute, we have used Wm;n

R .

6In Sec. III D, where we discuss neutrino mass generation, we
find that Λ0 should preferably be bigger than 104 TeV.

7In the region where both WR and χ1 are DM candidates, the
Boltzmann equation becomes coupled due to the annihilation of
WRWR → χ1χ1, and needs a more careful treatment. However,
due to the much smaller rate of this channel compared with
WRWR → SMSM, and the mass difference between WR and χ1,
we noticed that the annihilation of WR to χ1 does not play a
significant role.
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panel of Fig. 4 illustrates η annihilation, where we have
fixed mWR

¼ 2 TeV. The resonance at around 2 TeV is
due to ϕ becoming on shell in s-channel annihilations
of η. The yellow line is the annihilation of ηη → ϕh which
opens up for 2mη > mϕ þmh. Other than ηη → SMSM, the
rest of the channels suffer from low rates.
Having determined the important processes that set the

relic abundance of DM, we move to current constraints
on the model parameters. In the following two subsec-
tions, we study the direct-detection, indirect-detection and
collider constraints. We show that if we insist on using
Oð1Þ couplings, the allowed parameter space can be
probed with the next generation of experiments.

B. Direct detection

Since, in MCDM models, each DM particle shares some
portion of the total relic abundance, we expect the anni-
hilation rate of thermal MCDM to be larger than that for
single-component DM ∼ 2.2 × 10−26 cm3=s:

ΩDM1
þ ΩDM2

þ � � � þΩDMn
¼ ΩDMtotal

⇒ ΩDM1
< ΩDMtotal

⇒ hσviDM1
> 2.2 × 10−26 cm3=s:

Naively, there is a concern that with such large interac-
tion rates of DM with SM particles, it must have been
detected at DM experiments, by now. One of the most
important constraints on DM models comes from direct
detection (DD). In our model, DM can scatter with the
nucleon through Higgs or ϕ exchange, leading to poten-
tial constraints from DD. Since Higgs portal interactions
care about the mass of particles, the interaction of DM

with the nucleon is suppressed. In other words, Higgs
portal scenarios are efficient in producing the right relic
abundance through the annihilation of DM to heavy SM
particles, but have a suppressed scattering cross section in
DD experiments. This particular reason is common to all
Higgs portal DM, and it is one of the benefits of the Higgs
portal over generic Z0 models.
Furthermore, in calculating the relic abundance of χ1 and

W�
R DM, their annihilation to a pair of electrons through a

W3
R mediator is dominant, especially for large values of gR.

However, this process contributes to DD only at loop level
and thus is negligible. This is the second reason that we can
have efficient annihilation of χ1 and W�

R DM while being
safe from DD bounds.
Since the mediator is a CP-even scalar, the bounds

on our model come from spin-independent DD. Higgs
portal DD constraints have been studied in multiple
studies, and it is well known that if DM is a Dirac
fermion, χ, then its scattering cross section with the SM
is [85]

σχ1-N ¼ y2χsin22α

4π
m2

red

�
1

m2
h

−
1

m2
ϕ

�
2

g2Hp; ð10Þ

where gDM is the coupling of the DM particle with the
scalar mediator, mred ¼ mpmDM=ðmp þmDMÞ, and gHp is
the effective coupling of the Higgs with a proton [86]:

gHp ¼
mp

vh

� X
q¼u;d;s

fðpÞq þ 2

9

�
1−

X
q¼u;d;s

fðpÞq

��
≈ 1.3× 10−3:

ð11Þ

FIG. 4. The annihilation of DM candidates to various final states, where we have fixed gR ¼ 0.65; yχ ¼ ξh ¼ ξϕ ¼ 0.3, sα ¼ 0.1,
mϕ ¼ vϕ, andmχ2 ¼ 10 TeV. The left panel is the annihilation of χχ, takingmη ¼ 3 TeV; the middle panel shows the cross section rates
ofWRWR annihilations, where we have again takenmη ¼ 3 TeV; and finally the right panel illustrates the annihilation of ηη, wheremWR

is fixed to 2 TeV. The red line is the annihilation to a pair of right-handed electrons through s-channel W3
R mediation. The green line

indicates the annihilation to SM particles ¼ t;W�; Z; h. The magenta line is the annihilation of DM candidates to χχ, the orange line is
the annihilation to a pair of WR ’s and the blue line is when the DM particle annihilates to ηη. Because the annihilations to ηη are very
small, their cross sections were multiplied by 1010 (left panel) and 105 (middle panel).
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In the case that the dark matter is a gauge boson, its
scattering cross section with nucleons is8 [46]

σWR-N ¼ g2Rsin
22α

4π
m2

red

�
1

m2
h

−
1

m2
ϕ

�
2

g2Hp; ð12Þ

and finally for a stable scalar it is [87]

ση-N ¼ m2
p

8πm2
η
m2

red

�
ξhcα
m2

h

þ ξϕsα
m2

ϕ

�
2

g2Hp: ð13Þ

To recast the DD bounds on our model, it is important
to realize that each component of DM constitutes only a
percentage of DM. Assuming that their ratio in the early
Universe is the same as the one in the vicinity of Earth,
we get

σDM-N ¼ σχ1-N ×
Ωχ1

ΩDM
þ σWR-N ×

ΩWR

ΩDM
þ ση-N ×

Ωη

ΩDM
:

ð14Þ

In Fig. 5, the DD constraints as well as some other
constraints are shown. The purple region is excluded from

the DD experiments [37]. The LEP experiment puts a
stringent constraint on any particle that interacts with
electrons [80]. Since right-handed electrons are charged
under SUð2ÞR, the dark gauge bosons can directly interact
with them. The strongest constraint of LEP comes from the
Drell-Yan production of a pair of electrons through an
exchange of W3

R, which excludes mWR
< 2 TeV. This is

shown in orange in Fig. 5. The red shaded region is when
the indicated particle is no longer a DM candidate because
it is not stable. The green region is when gR > 1, which
threatens perturbativity. Finally, the gray region is when the
relic abundance of all DM candidates combined is too large
and they overclose the Universe. The green and red dotted
lines indicate that the DM introduced in this paper is
respectively 50% and 30% of the total DM. The star in the
left plot of Fig. 5 is a benchmark, where 55% of the DM is
due to the relic abundance of χ and 45% is from η.
Similarly, the star in the right plot of Fig. 5, indicates a
sample point, where χ, η and WR are respectively 52%,
38% and 10% of the total DM. Due to the large cross
section of WR to electrons and ϕ, its relic abundance is
usually low.

C. Indirect detection

Another way to constrain our parameter space is by
using indirect-detection (ID) results. The main annihilation
channels of our DM candidates are the production of a pair
of electrons or heavy particles. Heavy particles eventually

FIG. 5. The allowed parameter space for various benchmarks. The solid black, dashed green, and dashed red contours represent the
production of all, 50%, and 30% of the relic abundance of DM, respectively. The shaded gray region is when we overproduce DM. The
shaded purple is excluded from DD experiments [37], and the shaded orange part is excluded by LEP [80]. The pink region is when the
indicated particle is no longer DM and decays. The green region is when gR > 1 which violates perturbativity. The star is chosen as an
example to show how much of DM each particle constitutes. Finally, the solid red line is the region that can explain the DAMPE
excess [52].

8As shown in Eq. (10), and Eq. (12), there is a destructive
interference between the two scalar mediations in DD bounds for
the case of Dirac fermion and gauge boson DM which is another
reason that DD cannot bound Higgs portal DM models very well.
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decay to stable particles, some of which can be detected
here on Earth. Furthermore, any particle in this process that
is electromagnetically charged will radiate photons which
can also be detected through various experiments (e.g.,
Fermi-LAT [88]). However, due to the large uncertainty of
the background, ID bounds are usually mild. Even con-
sidering the strongest bounds of Fermi-LAT, which is a
100% branching ratio to bb̄, ID can constrain DM only up
to a few hundreds of GeV, which is smaller than the
benchmarks we are considering.
Recently, the DAMPE experiment [52], which is a

satellite-borne, high-energy particle and gamma-ray detec-
tor, published their measurement of the electron plus
positron spectrum. Their result indicates a tentative narrow
peak around ∼1.4 TeV. The local significance of this
excess is about 3.7σ assuming a broken power-law back-
ground [89,90], and its global significance has been
measured to about 2.3σ [72,90–94]. Such a narrow peak
could be a result of a DM with mass 1.4 TeVannihilating to
a pair of right-handed electrons. The interaction of DM
with left-handed electrons should be suppressed, due to the
results published by IceCube, which reported no excess in
the neutrino experiment [95]. This is the reason we
considered only right-handed electrons that are charged
under the SUð2ÞR.
According to the DAMPE experiment, the annihilation

rate to an electron-positron pair is estimated to be much
more than the annihilation rate for a single-component DM,
which further motivates our setup for multicomponent DM.
However, it is important to make sure the annihilation to an
electron pair is s-wave.
Among the DM candidates in our setup, W�

R and χ1
strongly interact with right-handed electrons. The annihi-
lation of W�

R to eþe−, however, is p-wave:

hσviWRWR→eþe− ¼ 5g4R
216πm2

WR

v2: ð15Þ

Even though this process could play a significant role in
setting the abundance of W�

R in the early Universe, its rate
right now should be negligible. That is because the ambient
velocity of DM is estimated to be vDM ∼ 0.001. The
annihilation of χ1χ1 → eþe−, on the other hand, is s-wave
and thus can have a significant contribution to ID at the
current time:

hσviχ1χ1→eþe− ¼ 8g4Rm
2
χ1

64πðm2
WR

− 4m2
χ1Þ2

: ð16Þ

Therefore, in the region where χ1 is a DM particle, its
annihilation to a pair of electrons could justify the obser-
vation of the narrow peak by the DAMPE experiment. The
red line in the left panel of Fig. 5, shows the benchmark that
could explain the DAMPE observation. It is worth men-
tioning that even though the main motivation behind

charging the right-handed electrons under SUð2ÞR was
to explain the DAMPE observation, the annihilation of DM
particles to a pair of electrons contributes significantly in
setting the relic abundance of DM candidates. In the
scenario where right-handed electrons did not interact
directly with the dark sector, DM particles had to be about
a factor of 5 lighter to not overclose the Universe. However,
that region of the parameter space is strongly constrained
by DD experiments.

D. Neutrino mass

An added bonus of the nonminimal structure in the dark
sector is that we can attack another problem of the SM. In
this part, we comment on how the neutrino mass can be
radiatively generated using the particles in the dark sector.
To do so, we will employ the following terms:

yχL
Λ0 ðL̄cH̃⋆Þðη⋆χL2 Þ þ

yχR
Λ02 ðηX̄Rϕ̃ÞðH̃†LÞ þ Ỹ2X̄Rϕ̃χ

L
2 :

ð17Þ

We can think of the Λ0’s as vector-like fermions, one
with charge ðSUð2ÞL;Uð1ÞY;Uð1ÞX;Z2Þ ¼ ð2;−1=2;2;−Þ
and another with charge ðSUð2ÞL; Uð1ÞY; Uð1ÞX;Z2Þ ¼
ð1; 0; 2;−Þ. To avoid the contribution of the Weinberg
operator in giving neutrinos a mass, we will assume there
are no Majorana or triplet states of SUð2ÞW in the UV
theory.9 The diagram leading to neutrino mass is shown
in Fig. 6.
Given that the neutrino mass is expected to be smaller

than a few 0.1 eV [96,97] we can roughly estimate the value
of Λ0 assuming yχL and yχR are Oð1Þ:

FIG. 6. The radiative generation of neutrino mass through
nonrenormalizable operators.

9Even though the Weinberg operator respects the symmetries
of the model, since it violates lepton number, it requires a new
d.o.f. in the UV to generate the term. In other words, we cannot
generate the Weinberg operator with the d.o.f. present at low
scales. Thereby, we can ignore the effect of the Weinberg operator
by requiring there to be no d.o.f. in the UV that can generate such
a term. It is noteworthy to mention that we cannot impose the
lepton number, Uð1ÞL, as a symmetry of the model, because one
of the higher-dimensional operators we used to generate the
neutrino mass term violates Uð1ÞL.
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v2hv
2
ϕm

2
χ2

Λ03m2
η16π

2
≲ 0.1 eV: ð18Þ

Assuming benchmark values of vϕ∼10TeV,mχ2 ∼10TeV,
and η ∼ 3 TeV we get Λ0 > 2 × 104 TeV. This constraint
combinedwith the boundwe need to satisfy tomake sure the
decaying particles decay before DM candidates become
nonrelativistic requires Λ0 to be roughly in the range
of 104–106Te V.

IV. CONCLUSIONS

In this work, we studied a scenario of the dark sector that
contains two or three DM candidates. We proposed extend-
ing the SM symmetries by a gauge SUð2ÞR and a global
Uð1ÞX × Z2, where the continuous symmetries are sponta-
neously broken to a global Uð1ÞD. We considered a case
where the dark sector contained some Dirac fermions and
complex scalars to investigate a dynamic dark sector. To see
if our proposed scenario could explain the recent observation
by DAMPE, we also charged right-handed electrons under
SUð2ÞR. We assumed Oð1Þ couplings, to consider a more
natural scenario. Other than the Higgs portal, which connects
the dark sector to the SM, the annihilation ofWR and χ1 to a
pair of electrons happens to play a significant role in the relic
abundance of DM particles.
The phenomenology of DM candidates was studied, and

the region of the parameter space where they can produce
the right relic abundance while being safe from various DM
detection experiments was identified. We noticed that only
a small region of parameter space survives the constraint
and this region could be probed with the next generations of

experiments. Additionally, we commented on how neutri-
nos can gain mass through nonrenormalizable interactions
with the dark sector. An important advantage of our
scenario over the Weinberg operator is that our cutoff
scale is Oð104 TeVÞ, which is much lower than the cutoff
scale suggested by the Weinberg operator.
In conclusion, we emphasize that in the era where single

DM thermal relics are highly constrained, it is important to
consider multispecies DM. In the most simplistic paradigm,
where DM particles are thermal relics, multicomponent
DM suggests strong couplings between DM particles and
the SM. As a result, leptophilic DM or Higgs portal models
are preferred.
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APPENDIX: THE CROSS SECTION
OF DM CANDIDATES

In this appendix, we show the analytical expressions
that we have calculated using FEYNCALC [98]. The first
subsection contains the potential annihilation cross
sections of χ, the second one belongs to WR and the last
one shows the annihilation cross sections of η. These
processes set the relic abundance of DM if 1) they are
kinematically allowed, and 2) the indicated initial state is
indeed a DM candidate.

1. χ DM

hσviχχ→eReR ¼ 8g4Rm
2
χ

64πð4m2
χ −m2

WR
Þ2 ;

hσviχχ→tt̄ ¼
9y2t y2χ
8π

c2αs2α
ðm2

hm
2
ϕÞ2ðm2

χ −m2
t Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4m2

χ −m2
t

q
mχðm2

h − 4m2
χÞ2ðm2

ϕ − 4m2
χÞ2

v2;

hσviχχ→WW ¼ y2χc2αs2α
8π

ðm2
h −m2

ϕÞ2ð3m4
w þ 4m4

χ − 4m2
χm2

wÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4m2

χ −m2
w

q
v2hmχðm2

h − 4m2
χÞ2ðm2

ϕ − 4m2
χÞ2

;

hσviχχ→ZZ ¼ y2χc2αs2α
2π

ðm2
h −m2

ϕÞ2ð3m4
z þ 4m4

χ − 4m2
χm2

zÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4m2

χ −m2
z

q
v2hmχðm2

h − 4m2
χÞ2ðm2

ϕ − 4m2
χÞ2

;

hσviχχ→hh ¼
y2χs2α

64πm3
χv2hð4m2

χ −m2
hÞ3=2ð4m2

χ −m2
ϕÞ

½ð18c2αm4
hm

2
χðm2

h −m2
ϕÞ2

þ 24yχvhsαcαm2
hsm

2
hmχð4m2

χ −m2
hÞðm2

ϕ −m2
hÞð4m2

χ −m2
ϕÞ

þ 4y2χs2αv2hð4m2
χ −m2

hÞð4m2
χ −m2

ϕÞ�;
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hσviχχ→ϕϕ ¼ y2χc2α
32πmχv2ϕð4m2

χ −m2
hÞ2ð2m2

χ −m2
ϕÞð4m2

χ −m2
ϕÞ3=2

½128y2χm6
χv2ϕ − 12mχm6

ϕð3mχ þ vϕyχÞ

þ 4m2
χm4

ϕð9m2
χ þ 18mχvϕyχ þ 2v2ϕy

2
χÞ − 32yχm4

χm2
ϕvϕð3mχ þ 2vϕyχÞ

− 6c2αs2αm2
ϕð4m2

χ −m2
hÞð8m4

χ þm4
ϕ − 6m2

χm2
ϕÞð8m3

χvϕyχ þ 3m4
ϕ − 2mχm2

ϕð3mχ þ vϕyχÞÞ
þ 9s4αm4

ϕð8m4
χ þm4

ϕ − 6m2
χm2

ϕÞ2�;

hσviχχ→hϕ ¼
s2αy2χ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m4

h þ ð4m2
χ −m2

ϕÞ2 − 2m2
hðm2

ϕ − 2m2
χÞ

q
512πv2hm

4
χð4m2

χ −m2
hÞ2

ð4m2
χ −m2

ϕÞ2ð4m2
χ −m2

ϕ −m2
hÞ2

½18s2αm4
hm

2
χð4m2

χ −m2
ϕÞ2ð4m2

χ −m2
ϕ −m2

hÞ2 þ ðm2
hð25m4

ϕ − 128m2
ϕm

2
χ þ 256m4

χÞ
− 6sαcαyχv2hm

2
hmχð4m2

χ −m2
hÞð4m2

χ −m2
ϕÞð4m2

χ −m2
ϕ −m2

hÞð3
ffiffiffi
2

p
m2

hm
2
ϕ − ð4m2

χ −m2
ϕÞð3

ffiffiffi
2

p
m2

ϕ þ 16m2
χÞÞ

þ c2αð4m2
χ −m2

hÞ2ð2m2
hm

2
ϕð4m2

χ −m2
ϕÞð7m2

ϕ − 8ð8þ 3
ffiffiffi
2

p
Þm2

χÞ
þy2χv2hð4m2

χ −m2
ϕÞ2ð25m4

ϕ þ 16ð3
ffiffiffi
2

p
− 8Þm2

ϕm
2
χ þ 384m4

χÞ�;

hσviχχ→WRWR
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4m2

χ −m2
WR

q
256πmχ

�
160y2χð4m2

χ þ 3m4
WR

4m2
χm2

WR
Þðc2αð4m2

χ −m2
hÞ þ s2αð4m2

χ −m2
ϕÞÞ2

v2ϕð4m2
χ −m2

hÞ2ðm2
χ −m2

ϕÞ2

−
g4p

m4
WR

ð4m2
χ −m2

WR
Þ2ð2m2

χ −m2
WR

Þ2ðm2
χ þm2

χ2 −mWR
Þ2

½−128m10
χ ðð7þ 2

ffiffiffi
2

p
Þm4

χ þ 2ð3þ
ffiffiffi
2

p
Þm2

χm2
χ2 þ 3m4

χ2Þ
þ ð17þ 12

ffiffiffi
2

p
Þm14

WR
− 2m12

WR
ð5ð4

ffiffiffi
2

p
− 9Þm2

χ þ 2ð8þ 3
ffiffiffi
2

p
Þm2

χ2Þ
− 4m10

WR
ð5ð60þ 17

ffiffiffi
2

p
Þm4

χ þ ð50 − 7
ffiffiffi
2

p
Þm2

χm2
χ2 − 4m4

χ2Þ
þ 4m8

WR
ðð997þ 508

ffiffiffi
2

p
Þm6

χ þ 2ð229þ 46
ffiffiffi
2

p
Þm4

χm2
χ2 − 4m4

χ2Þ
þ 16m6

WR
ðð379þ 244

ffiffiffi
2

p
Þm8

χ þ 2ð125þ 52
ffiffiffi
2

p
Þm6

χm2
χ2 þ 50m4

χm4
χ2Þ

þ 16m6
χm4

WR
ðð249þ 184

ffiffiffi
2

p
Þm4

χ þ 14ð13þ 10
ffiffiffi
2

p
Þm2

χm2
χ2 þ 75m4

χ2Þ

−64m8
χm2

WR
ð7

ffiffiffi
2

p
m4

χ þ ð11
ffiffiffi
2

p
− 4Þm2

χm2
χ2 þ 4m4

χ2Þ�
	
;

hσviχχ→ηη ¼
y2χ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4m2

χ −m2
η

q
8πmχð4m2

χ −m2
hÞ2ð4m2

χ −m2
ϕÞ2

ðcαξϕηm2
h þ 4m2

χðξhηsα − ξϕηcαÞ − ξhsαm2
ϕÞ2:

2. W�
R DM

hσviWRWR→eReR ¼ 5g4pv2

216πm2
WR

;

hσviWRWR→tt̄ ¼
3mWR

c2αs2αy2t ðm2
h −m2

ϕÞ2ð4m2
WR

− 2m2
t Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4m2

WR
−m2

t

q
4πv2ϕðm2

h − 4m2
WR

Þ2ðm2
ϕ − 4m2

WR
Þ2 ;

hσviWRWR→ZZ ¼
2mWR

c2αs2αðm2
h −m2

ϕÞ2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4m2

WR
−m2

Z

q
ð4m4

WR
− 4m2

WR
m2

Z þ 3m4
ZÞ

3πv2hv
2
ϕðm2

h − 4m2
WR

Þ2ðm2
ϕ − 4m2

WR
Þ2 ;

hσviWRWR→WW ¼
mWR

c2αs2αðm2
h −m2

ϕÞ2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4m2

WR
−m2

W

q
ð4m4

WR
− 4m2

WR
m2

W þ 3m4
WÞ

6πv2hv
2
ϕðm2

h − 4m2
WR

Þ2ðm2
ϕ − 4m2

WR
Þ2 ;
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hσviWRWR→hh ¼
3mWR

m4
hc

2
αs2αðm2

h −m2
ϕÞ2

8πv2hv
2
ϕð4m2

WR
−m2

hÞ3=2ðm2
ϕ − 4m2

WR
Þ2 ;

hσviWRWR→ϕϕ ¼ 3mWR
m4

ϕðc2αðm2
h − 4m2

WR
Þ þ s2αðm2

ϕ − 4m2
WR

ÞÞ2
8πv4ϕðm2

h − 4m2
WR

Þ2ð4m2
WR

−m2
ϕÞ3=2

;

hσviWRWR→hϕ ¼
3s2α

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m4

h þm2
hð4m2

WR
− 2m2

ϕÞ þ ðm2
ϕ − 4m2

WR
Þ2

q
64πv2hv

4
ϕðm2

h − 4m2
WR

Þ2ðm2
ϕ − 4m2

WR
Þ2 ðcαm2

ϕvhðm2
h − 4m2

WR
Þ þm2

hsαvϕðm2
ϕ − 4m2

WR
ÞÞ2;

hσviWRWR→χχ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4m2

WR
−m2

χ

q
576πmWR

�
96m2

WR
y2χ1ð2m2

WR
−m2

χÞðc2αðm2
h − 4m2

WR
Þ þ s2αðm2

ϕ − 4m2
WR

ÞÞ2
v2ϕðm2

h − 4m2
WR

Þ2ðm2
ϕ − 4m2

WR
Þ2

þ g4pð4m4
χ þ 8m4

WR
− 3m2

χm2
WR

Þ
m2

WR
ð−m2

χ þm2
χ2 þm2

WR
Þ2
�
;

hσviWRWR→ηη ¼
mWR

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4m2

WR
−m2

η

q
ðcαξϕm2

h þ 4m2
WR

ðξhsα − cαξϕÞ − ξhm2
ϕsαÞ2

6πv2ϕðm2
h − 4m2

WR
Þ2ðm2

ϕ − 4m2
WR

Þ2 ;

hσviWRWR→W3
RW

3
R
¼

ffiffiffi
3

p
m6

WR
ðc2αðm2

h − 4m2
WR

Þ þ s2αðmϕ2 − 4m2
WR

ÞÞ2
2πv4ϕðm2

h − 4m2
WR

Þ2ðm2
ϕ − 4m2

WR
Þ2 :

3. η DM

hσviηη→tt̄ ¼
9y2t ð4m2

η − 2m2
t Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4m2

η −m2
t

q
ðcαξhðm2

ϕ − 4m2
ηÞ þ sαξϕðm2

h − 4m2
ηÞÞ2

16πm3
ηðm2

ϕ − 4m2
ηÞ2ðm2

h − 4m2
ηÞ2

;

hσviηη→VV ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4m2

η −m2
V

q
ð4m4

η þ 3m4
V − 4m2

ηm2
VÞðcαξhð4m2

η −m2
ϕÞ − sαξϕðm2

h − 4m2
ηÞÞ2

8πm3
ηv2hðm2

ϕ − 4m2
ηÞ2ðm2

h − 4m2
ηÞ2

;

hσviηη→χχ ¼
y2χ1ð2m2

η −m2
χÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4m2

η −m2
χ

q
ð4m2

ηðsαξh − cαξϕÞ þ cαξϕm2
h − ξhm2

ϕsαÞ2
8πm3

ηðm2
ϕ − 4m2

ηÞ2ðm2
h − 4m2

ηÞ2
;

hσviηη→WRWR
¼

9
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4m2

η −m2
WR

q
ð4m4

η þ 3m4
WR

− 4m2
ηm2

WR
Þð4m2

ηðξhsα − cαξϕÞ þ cαξϕm2
h − ξhm2

ϕsαÞ2
8πm3

ηv2ϕðm2
ϕ − 4m2

ηÞ2ðm2
h − 4m2

ηÞ2
;

hσviηη→hh ¼
1

32πm3
ηv2hðm2

ϕ − 4m2
ηÞ2ðm2

h − 2m2
ηÞ2ð4m2

η −m2
hÞ3=2

½ðm2
h − 4m2

ηÞð−16m4
ηξhvh þ 3ξϕm4

hsα þm2
ηð4vhð2ξ2h

þ 2m2
hξh þm2

ϕξhÞ − 6ξϕm2
hsαÞ − 2m2

ϕvhðξ2h þm2
hξhÞÞ − 3cαξhm2

hð4m2
η −m2

ϕÞðm2
h − 2m2

ηÞ�2;

hσviηη→ϕϕ ¼ 1

32πm3
ηv2ϕð4m2

η −m2
ϕÞ3=2ðm2

ϕ − 2m2
ηÞ2ðm2

h − 4m2
ηÞ2

½−8m4
ηð3m2

ϕð−cακϕ þ ξhsα þ 2ξϕvϕÞ

þ 2vϕð2ξ2ϕ þm2
hξϕÞÞ þ 2m2

ηðm2
ϕð−3cαξϕm2

h þ 6m2
hξϕvϕ þ 4ξ2ϕvϕÞ þm4

ϕð−6cαξϕ þ 9ξhsα þ 4ξϕvϕÞ
þ 4ξ2ϕm

2
hvϕÞ þm2

hm
4
ϕð3cαξϕ − 2ξϕvϕÞ þ 64m6

ηξϕvϕ − 2ξ2ϕm
2
hm

2
ϕvϕ − 3ξhm6

ϕsα�2;

hσviηη→hϕ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

ϕ − 4m2
ηÞ2 þm4

h þm2
hð4m2

η − 2m2
ϕÞ

q
256πm4

ηv2hv
2
ϕðm2

ϕ − 4m2
ηÞ2ðm2

h − 4m2
ηÞ2ð−4m2

η þm2
h þm2

ϕÞ2
½4ξϕm2

ηvhð4m2
η −m2

ϕÞð3m2
ϕsα − 8ξhvϕÞ

þ 3m4
hsαð4ξhm2

ηvϕ þm2
ϕðξϕvh − ξhvϕÞÞ −m2

hð48ξhm4
ηsαvϕ − 8m2

ηð3m2
ϕsαðξhvϕ − ξϕvhÞ þ 4ξhξϕvhvϕÞ

þ 3m4
ϕsαðξhvϕ − ξϕvhÞ þ 8ξhξϕm2

ϕvhvϕÞ�2:

FATEMEH ELAHI and SARA KHATIBI PHYS. REV. D 100, 015019 (2019)

015019-12



[1] K. R. Dienes and B. Thomas, Dynamical dark matter: I.
Theoretical overview, Phys. Rev. D 85, 083523 (2012).

[2] K. R. Dienes and B. Thomas, Dynamical dark matter: II. An
explicit model, Phys. Rev. D 85, 083524 (2012).

[3] L. Bian, R. Ding, and B. Zhu, Two component Higgs-portal
dark matter, Phys. Lett. B 728, 105 (2014).

[4] G. Duda, G. Gelmini, and P. Gondolo, Detection of a
subdominant density component of cold dark matter, Phys.
Lett. B 529, 187 (2002).

[5] G. Duda, G. Gelmini, P. Gondolo, J. Edsjo, and J. Silk,
Indirect detection of a subdominant density component of
cold dark matter, Phys. Rev. D 67, 023505 (2003).

[6] S. Profumo, K. Sigurdson, and L. Ubaldi, Can we discover
multi-component WIMP dark matter?, J. Cosmol. Astropart.
Phys. 12 (2009) 016.

[7] X. Gao, Z. Kang, and T. Li, The supersymmetric standard
models with decay and stable dark matters, Eur. Phys. J. C
69, 467 (2010).

[8] D. Feldman, Z. Liu, P. Nath, and G. Peim, Multicomponent
dark matter in supersymmetric hidden sector extensions,
Phys. Rev. D 81, 095017 (2010).

[9] H. Baer, A. Lessa, S. Rajagopalan, and W. Sreethawong,
Mixed axion/neutralino cold dark matter in supersymmetric
models, J. Cosmol. Astropart. Phys. 06 (2011) 031.

[10] M. Aoki, M. Duerr, J. Kubo, and H. Takano, Multi-
component dark matter systems and their observation
prospects, Phys. Rev. D 86, 076015 (2012).

[11] D. Chialva, P. S. B. Dev, and A. Mazumdar, Multiple dark
matter scenarios from ubiquitous stringy throats, Phys. Rev.
D 87, 063522 (2013).

[12] S. Bhattacharya, A. Drozd, B. Grzadkowski, and J. Wudka,
Two-component dark matter, J. High Energy Phys. 10
(2013) 158.

[13] S. Esch, M. Klasen, and C. E. Yaguna, A minimal model for
two-component dark matter, J. High Energy Phys. 09 (2014)
108.

[14] L. Bian, T. Li, J. Shu, and X.-C. Wang, Two component dark
matter with multi-Higgs portals, J. High Energy Phys. 03
(2015) 126.

[15] S. Yaser Ayazi and A. Mohamadnejad, Scale-invariant two
component dark matter, arXiv:1808.08706.

[16] A. Ahmed, M. Duch, B. Grzadkowski, and M. Iglicki,
Multi-component dark matter: The vector and fermion case,
Eur. Phys. J. C 78, 905 (2018).

[17] A. D. Banik, M. Pandey, D. Majumdar, and A. Biswas, Two
component WIMP?FImP dark matter model with singlet
fermion, scalar and pseudo scalar, Eur. Phys. J. C 77, 657
(2017).

[18] A. DiFranzo and G. Mohlabeng, Multi-component dark
matter through a radiative Higgs portal, J. High Energy
Phys. 01 (2017) 080.

[19] K. R. Dienes, J. Kumar, and B. Thomas, Dynamical dark
matter and the positron excess in light of AMS results, Phys.
Rev. D 88, 103509 (2013).

[20] A. Biswas, D. Majumdar, and P. Roy, Nonthermal two
component dark matter model for Fermi-LAT ?-ray excess
and 3.55 keV X-ray line, J. High Energy Phys. 04 (2015)
065.

[21] J. Herrero-Garcia, A. Scaffidi, M. White, and A. G.
Williams, On the direct detection of multi-component dark

matter: Implications of the relic abundance, J. Cosmol.
Astropart. Phys. 01 (2019) 008.

[22] A. Karam and K. Tamvakis, Dark matter from a classically
scale-invariant SUð3ÞX, Phys. Rev. D 94, 055004 (2016).

[23] S. Bhattacharya, P. Ghosh, and N. Sahu, Multipartite dark
matter with scalars, fermions and signatures at LHC,
arXiv:1809.07474.

[24] S. Bhattacharya, P. Poulose, and P. Ghosh, Multipartite
interacting scalar dark matter in the light of updated LUX
data, J. Cosmol. Astropart. Phys. 04 (2017) 043.

[25] P. S. B. Dev, R. N. Mohapatra, and Y. Zhang, Heavy right-
handed neutrino dark matter in left-right models, Mod.
Phys. Lett. A 32, 1740007 (2017).

[26] B. Guiderdoni, G. Greene, D. Hinds, J. Tran Thanh Van,
Dark matter in cosmology, clocks and test of fundamental
laws, in Proceedings, 30th Rencontres de Moriond, 15th
Moriond Workshop, Villars sur Ollon, Switzerland, 1995
(Ed. Frontieres, Gif-sur-Yvette, France, 1995)..

[27] S. Bhattacharya, P. Ghosh, T. N. Maity, and T. S. Ray,
Mitigating direct detection bounds in non-minimal Higgs
portal scalar dark matter models, J. High Energy Phys. 10
(2017) 088.

[28] W.-C. Huang, Y.-L. S. Tsai, and T.-C. Yuan, G2HDM:
Gauged two Higgs doublet model, J. High Energy Phys.
04 (2016) 019.

[29] H. Davoudiasl and I. M. Lewis, Dark matter from hidden
forces, Phys. Rev. D 89, 055026 (2014).

[30] B. Barman, S. Bhattacharya, and M. Zakeri, Multipartite
Dark Matter in SUð2ÞN extension of Standard Model and
signatures at the LHC, J. Cosmol. Astropart. Phys. 09
(2018) 023.

[31] C. Gross, O. Lebedev, and Y. Mambrini, Non-Abelian
gauge fields as dark matter, J. High Energy Phys. 08
(2015) 158.

[32] N. Yamanaka, S. Fujibayashi, S. Gongyo, and H. Iida, Dark
Matter in the Nonabelian Hidden Gauge Theory, in Pro-
ceedings of 2nd Toyama International Workshop on Higgs
as a Probe of New Physics (HPNP2015) Toyama, Japan,
2015 (2015), [arXiv:1504.08121].

[33] P. S. Bhupal Dev, R. N. Mohapatra, and Y. Zhang, Naturally
stable right-handed neutrino dark matter, J. High Energy
Phys. 11 (2016) 077.

[34] G. R. Blumenthal, S. M. Faber, J. R. Primack, and M. J.
Rees, Formation of galaxies and large scale structure with
cold dark matter, Nature (London) 311, 517 (1984).

[35] S. Tulin and H.-B. Yu, Dark matter self-interactions and
small scale structure, Phys. Rep. 730, 1 (2018).

[36] O. Balducci, S. Hofmann, and A. Kassiteridis, Small-scale
structure from charged leptophilia.

[37] M. Messina (XENON Collaboration), Latest results of
1 tonne x year dark matter search with XENON1T, Proc.
Sci., EDSU2018 (2018) 017.

[38] I. Chakraborty and A. Kundu, Controlling the fine-tuning
problem with singlet scalar dark matter, Phys. Rev. D 87,
055015 (2013).

[39] B. Grzadkowski and J. Wudka, Pragmatic Approach to the
Little Hierarchy Problem: The Case for Dark Matter and
Neutrino Physics, Phys. Rev. Lett. 103, 091802 (2009).

[40] C. N. Karahan and B. Korutlu, Effects of a real singlet scalar
on Veltman condition, Phys. Lett. B 732, 320 (2014).

MULTI-COMPONENT DARK MATTER IN A NON-ABELIAN … PHYS. REV. D 100, 015019 (2019)

015019-13

https://doi.org/10.1103/PhysRevD.85.083523
https://doi.org/10.1103/PhysRevD.85.083524
https://doi.org/10.1016/j.physletb.2013.11.034
https://doi.org/10.1016/S0370-2693(02)01266-2
https://doi.org/10.1016/S0370-2693(02)01266-2
https://doi.org/10.1103/PhysRevD.67.023505
https://doi.org/10.1088/1475-7516/2009/12/016
https://doi.org/10.1088/1475-7516/2009/12/016
https://doi.org/10.1140/epjc/s10052-010-1418-z
https://doi.org/10.1140/epjc/s10052-010-1418-z
https://doi.org/10.1103/PhysRevD.81.095017
https://doi.org/10.1088/1475-7516/2011/06/031
https://doi.org/10.1103/PhysRevD.86.076015
https://doi.org/10.1103/PhysRevD.87.063522
https://doi.org/10.1103/PhysRevD.87.063522
https://doi.org/10.1007/JHEP10(2013)158
https://doi.org/10.1007/JHEP10(2013)158
https://doi.org/10.1007/JHEP09(2014)108
https://doi.org/10.1007/JHEP09(2014)108
https://doi.org/10.1007/JHEP03(2015)126
https://doi.org/10.1007/JHEP03(2015)126
http://arXiv.org/abs/1808.08706
https://doi.org/10.1140/epjc/s10052-018-6371-2
https://doi.org/10.1140/epjc/s10052-017-5221-y
https://doi.org/10.1140/epjc/s10052-017-5221-y
https://doi.org/10.1007/JHEP01(2017)080
https://doi.org/10.1007/JHEP01(2017)080
https://doi.org/10.1103/PhysRevD.88.103509
https://doi.org/10.1103/PhysRevD.88.103509
https://doi.org/10.1007/JHEP04(2015)065
https://doi.org/10.1007/JHEP04(2015)065
https://doi.org/10.1088/1475-7516/2019/01/008
https://doi.org/10.1088/1475-7516/2019/01/008
https://doi.org/10.1103/PhysRevD.94.055004
http://arXiv.org/abs/1809.07474
https://doi.org/10.1088/1475-7516/2017/04/043
https://doi.org/10.1142/S0217732317400077
https://doi.org/10.1142/S0217732317400077
https://doi.org/10.1007/JHEP10(2017)088
https://doi.org/10.1007/JHEP10(2017)088
https://doi.org/10.1007/JHEP04(2016)019
https://doi.org/10.1007/JHEP04(2016)019
https://doi.org/10.1103/PhysRevD.89.055026
https://doi.org/10.1088/1475-7516/2018/09/023
https://doi.org/10.1088/1475-7516/2018/09/023
https://doi.org/10.1007/JHEP08(2015)158
https://doi.org/10.1007/JHEP08(2015)158
http://arXiv.org/abs/1504.08121
https://doi.org/10.1007/JHEP11(2016)077
https://doi.org/10.1007/JHEP11(2016)077
https://doi.org/10.1038/311517a0
https://doi.org/10.1016/j.physrep.2017.11.004
https://doi.org/10.22323/1.335.0017
https://doi.org/10.22323/1.335.0017
https://doi.org/10.1103/PhysRevD.87.055015
https://doi.org/10.1103/PhysRevD.87.055015
https://doi.org/10.1103/PhysRevLett.103.091802
https://doi.org/10.1016/j.physletb.2014.03.063


[41] O. Antipin, M. Mojaza, and F. Sannino, Conformal exten-
sions of the Standard Model with Veltman conditions, Phys.
Rev. D 89, 085015 (2014).

[42] N. Craig, C. Englert, and M. McCullough, New Probe of
Naturalness, Phys. Rev. Lett. 111, 121803 (2013).

[43] M. Farina, M. Perelstein, and N. Rey-Le Lorier, Higgs
couplings and naturalness, Phys. Rev. D 90, 015014 (2014).

[44] M. Gonderinger, Y. Li, H. Patel, and M. J. Ramsey-Musolf,
Vacuum stability, perturbativity, and scalar singlet dark
matter, J. High Energy Phys. 01 (2010) 053.

[45] A. Drozd, B. Grzadkowski, and J. Wudka, Multi-scalar-
singlet extension of the Standard Model—the case for
dark matter and an invisible Higgs boson, J. High Energy
Phys. 04 (2012) 006; Erratum, J. High Energy Phys. 11
(2014) 130(E).

[46] S. Baek, P. Ko, W.-I. Park, and E. Senaha, Higgs portal
vector dark matter: Revisited, J. High Energy Phys. 05
(2013) 036.

[47] E. Gabrielli, M. Heikinheimo, K. Kannike, A. Racioppi, M.
Raidal, and C. Spethmann, Towards completing the Stan-
dard Model: Vacuum stability, EWSB and Dark Matter,
Phys. Rev. D 89, 015017 (2014).

[48] T. Hambye and A. Strumia, Dynamical generation of the
weak and Dark Matter scale, Phys. Rev. D 88, 055022
(2013).

[49] A. Noble and M. Perelstein, Higgs self-coupling as a probe
of electroweak phase transition, Phys. Rev. D 78, 063518
(2008).

[50] P. H. Damgaard, D. O’Connell, T. C. Petersen, and A.
Tranberg, Constraints on New Physics from Baryogenesis
and Large Hadron Collider Data, Phys. Rev. Lett. 111,
221804 (2013).

[51] S. Profumo, M. J. Ramsey-Musolf, C. L. Wainwright, and P.
Winslow, Singlet-catalyzed electroweak phase transitions
and precision Higgs boson studies, Phys. Rev. D 91, 035018
(2015).

[52] G. Ambrosi et al. (DAMPE Collaboration), Direct detection
of a break in the teraelectronvolt cosmic-ray spectrum of
electrons and positrons, Nature (London) 552, 63 (2017).

[53] Q. Yuan et al., Interpretations of the DAMPE electron data,
arXiv:1711.10989.

[54] Y.-Z. Fan, W.-C. Huang, M. Spinrath, Y.-L. S. Tsai, and Q.
Yuan, A model explaining neutrino masses and the DAMPE
cosmic ray electron excess, Phys. Lett. B 781, 83 (2018).

[55] G. H. Duan, L. Feng, F. Wang, L. Wu, J. M. Yang, and R.
Zheng, Simplified TeV leptophilic dark matter in light of
DAMPE data, J. High Energy Phys. 02 (2018) 107.

[56] P.-H. Gu and X.-G. He, Electrophilic dark matter with dark
photon: From DAMPE to direct detection, Phys. Lett. B
778, 292 (2018).

[57] J. Cao, L. Feng, X. Guo, L. Shang, F. Wang, and P.
Wu, Scalar dark matter interpretation of the DAMPE data
with U(1) gauge interactions, Phys. Rev. D 97, 095011
(2018).

[58] X. Liu and Z. Liu, TeV dark matter and the DAMPE
electron excess, Phys. Rev. D 98, 035025 (2018).

[59] Y.-L. Tang, L. Wu, M. Zhang, and R. Zheng, Lepton-
portal Dark Matter in hidden valley model and the DAMPE
recent results, Sci. China Phys. Mech. Astron. 61, 101003
(2018).

[60] W. Chao and Q. Yuan, The electron-flavored Z’-portal
dark matter and the DAMPE cosmic ray excess, arXiv:
1711.11182.

[61] P.-H. Gu, Radiative Dirac neutrino mass, DAMPE dark
matter and leptogenesis, arXiv:1711.11333.

[62] G. H. Duan, X.-G. He, L. Wu, and J. M. Yang, Leptophilic
dark matter in gauged Uð1ÞLe−Lμ

model in light of DAMPE
cosmic ray eþ þ e− excess, Eur. Phys. J. C 78, 323 (2018).

[63] H.-B. Jin, B. Yue, X. Zhang, and X. Chen, Dark matter
explanation of the cosmic ray eþe− spectrum excess and
peak feature observed by the DAMPE experiment, Phys.
Rev. D 98, 123008 (2018).

[64] J.-S. Niu, T. Li, R. Ding, B. Zhu, H.-F. Xue, and Y. Wang,
Bayesian analysis of the break in DAMPE lepton spectra,
Phys. Rev. D 97, 083012 (2018).

[65] T. Li, N. Okada, and Q. Shafi, Scalar dark matter, Type II
Seesaw and the DAMPE cosmic ray eþ þ e− excess, Phys.
Lett. B 779, 130 (2018).

[66] P.-H. Gu, Quasi-degenerate dark matter for DAMPE excess
and 3.5 keV line, Sci. China Phys. Mech. Astron. 61,
101005 (2018).

[67] T. Nomura and H. Okada, Radiative seesaw models linking
to dark matter candidates inspired by the DAMPE excess,
Phys. Dark Universe 21, 90 (2018).

[68] K. Ghorbani and P. H. Ghorbani, DAMPE electron-positron
excess in leptophilic Z? model, J. High Energy Phys. 05
(2018) 125.

[69] F. Yang, M. Su, and Y. Zhao, Dark matter annihilation from
nearby ultra-compact micro halos to explain the tentative
excess at 1.4 TeV in DAMPE data, arXiv:1712.01724.

[70] R. Ding, Z.-L. Han, L. Feng, and B. Zhu, Confronting the
DAMPE excess with the scotogenic Type-II Seesaw model,
Chin. Phys. C 42, 083104 (2018).

[71] N. Okada and O. Seto, DAMPE excess from decaying
right-handed neutrino dark matter, Mod. Phys. Lett. A 33,
1850157 (2018).

[72] Y.-h. Yao, C. Jin, and X.-c. Chang, Test of the 1.4 TeV
DAMPE electron excess with preliminary H.E.S.S. meas-
urement, Nucl. Phys. B934, 396 (2018).

[73] G. Beck and S. Colafrancesco, Dark matter gets DAMPE at
high energies, in Proceedings of 6th Annual Conference on
High Energy Astrophysics in Southern Africa (HEASA
2018) Parys, Free State, South Africa, 2018 (2019),
[arXiv:1902.07468].

[74] B. Wang, X. Bi, S. Lin, and P. Yin, Explanations of the
DAMPE high energy electron/positron spectrum in the dark
matter annihilation and pulsar scenarios, Sci. China Phys.
Mech. Astron. 61, 101004 (2018).

[75] J. Cao, L. Feng, X. Guo, L. Shang, F. Wang, P. Wu, and L.
Zu, Explaining the DAMPE data with scalar dark matter and
gauged Uð1ÞLe−Lμ

interaction, Eur. Phys. J. C 78, 198
(2018).

[76] J. Cao, X. Guo, L. Shang, F. Wang, P. Wu, and L. Zu, Scalar
dark matter explanation of the DAMPE data in the minimal
left-right symmetric model, Phys. Rev. D 97, 063016 (2018).

[77] S. Weinberg, Baryon, and Lepton Nonconserving Processes,
Phys. Rev. Lett. 43, 1566 (1979).

[78] R. N. Mohapatra and G. Senjanovic, Neutrino Mass and
Spontaneous Parity Nonconservation, Phys. Rev. Lett. 44,
912 (1980).

FATEMEH ELAHI and SARA KHATIBI PHYS. REV. D 100, 015019 (2019)

015019-14

https://doi.org/10.1103/PhysRevD.89.085015
https://doi.org/10.1103/PhysRevD.89.085015
https://doi.org/10.1103/PhysRevLett.111.121803
https://doi.org/10.1103/PhysRevD.90.015014
https://doi.org/10.1007/JHEP01(2010)053
https://doi.org/10.1007/JHEP04(2012)006
https://doi.org/10.1007/JHEP04(2012)006
https://doi.org/10.1007/JHEP11(2014)130
https://doi.org/10.1007/JHEP11(2014)130
https://doi.org/10.1007/JHEP05(2013)036
https://doi.org/10.1007/JHEP05(2013)036
https://doi.org/10.1103/PhysRevD.89.015017
https://doi.org/10.1103/PhysRevD.88.055022
https://doi.org/10.1103/PhysRevD.88.055022
https://doi.org/10.1103/PhysRevD.78.063518
https://doi.org/10.1103/PhysRevD.78.063518
https://doi.org/10.1103/PhysRevLett.111.221804
https://doi.org/10.1103/PhysRevLett.111.221804
https://doi.org/10.1103/PhysRevD.91.035018
https://doi.org/10.1103/PhysRevD.91.035018
https://doi.org/10.1038/nature24475
http://arXiv.org/abs/1711.10989
https://doi.org/10.1016/j.physletb.2018.03.066
https://doi.org/10.1007/JHEP02(2018)107
https://doi.org/10.1016/j.physletb.2018.01.057
https://doi.org/10.1016/j.physletb.2018.01.057
https://doi.org/10.1103/PhysRevD.97.095011
https://doi.org/10.1103/PhysRevD.97.095011
https://doi.org/10.1103/PhysRevD.98.035025
https://doi.org/10.1007/s11433-018-9227-4
https://doi.org/10.1007/s11433-018-9227-4
http://arXiv.org/abs/1711.11182
http://arXiv.org/abs/1711.11182
http://arXiv.org/abs/1711.11333
https://doi.org/10.1140/epjc/s10052-018-5805-1
https://doi.org/10.1103/PhysRevD.98.123008
https://doi.org/10.1103/PhysRevD.98.123008
https://doi.org/10.1103/PhysRevD.97.083012
https://doi.org/10.1016/j.physletb.2018.02.006
https://doi.org/10.1016/j.physletb.2018.02.006
https://doi.org/10.1007/s11433-018-9255-x
https://doi.org/10.1007/s11433-018-9255-x
https://doi.org/10.1016/j.dark.2018.07.003
https://doi.org/10.1007/JHEP05(2018)125
https://doi.org/10.1007/JHEP05(2018)125
http://arXiv.org/abs/1712.01724
https://doi.org/10.1088/1674-1137/42/8/083104
https://doi.org/10.1142/S0217732318501572
https://doi.org/10.1142/S0217732318501572
https://doi.org/10.1016/j.nuclphysb.2018.07.018
http://arXiv.org/abs/1902.07468
https://doi.org/10.1007/s11433-018-9244-y
https://doi.org/10.1007/s11433-018-9244-y
https://doi.org/10.1140/epjc/s10052-018-5678-3
https://doi.org/10.1140/epjc/s10052-018-5678-3
https://doi.org/10.1103/PhysRevD.97.063016
https://doi.org/10.1103/PhysRevLett.43.1566
https://doi.org/10.1103/PhysRevLett.44.912
https://doi.org/10.1103/PhysRevLett.44.912


[79] K. Kannike, Vacuum stability conditions from copositivity
criteria, Eur. Phys. J. C 72, 2093 (2012).

[80] S. Schael et al. (ALEPH, DELPHI, L3, OPAL, and LEP
Electroweak Collaborations), Electroweak measurements in
electron-positron collisions at W-Boson-pair energies at
LEP, Phys. Rep. 532, 119 (2013).

[81] P. A. R. Ade et al. (Planck Collaboration), Planck 2015
results. XIII. Cosmological parameters, Astron. Astrophys.
594, A13 (2016).

[82] V. Springel et al., Simulating the joint evolution of quasars,
galaxies and their large-scale distribution, Nature (London)
435, 629 (2005).

[83] A. Berlin, D. Hooper, and S. D. McDermott, Simplified dark
matter models for the galactic center gamma-ray excess,
Phys. Rev. D 89, 115022 (2014).

[84] P. Ko, W.-I. Park, and Y. Tang, Higgs portal vector dark
matter for GeV scale γ-ray excess from galactic center,
J. Cosmol. Astropart. Phys. 09 (2014) 013.

[85] V. Barger, P. Langacker, M. McCaskey, M. J. Ramsey-
Musolf, and G. Shaughnessy, LHC phenomenology of an
extended standard model with a real scalar singlet, Phys.
Rev. D 77, 035005 (2008).

[86] A. Djouadi, A. Falkowski, Y. Mambrini, and J. Quevillon,
Direct detection of Higgs-portal dark matter at the LHC,
Eur. Phys. J. C 73, 2455 (2013).

[87] J. A. Casas, D. G. Cerdeo, J. M. Moreno, and J. Quilis,
Reopening the Higgs portal for single scalar dark matter,
J. High Energy Phys. 05 (2017) 036.

[88] M. Ackermann et al. (Fermi-LAT Collaboration), Dark
matter constraints from observations of 25 Milky Way
satellite galaxies with the Fermi Large Area Telescope,
Phys. Rev. D 89, 042001 (2014).

[89] A. Fowlie, DAMPE squib? Significance of the 1.4 TeV
DAMPE excess, Phys. Lett. B 780, 181 (2018).

[90] X.-J. Huang, Y.-L. Wu, W.-H. Zhang, and Y.-F. Zhou,
Origins of sharp cosmic-ray electron structures and the
DAMPE excess, Phys. Rev. D 97, 091701 (2018).

[91] J.-S. Niu, T. Li, and F.-Z. Xu, A Simple and Natural
Interpretations of the DAMPE cosmic ray electron/
positron spectrum within two sigma deviations, arXiv:
1712.09586.

[92] S.-F. Ge, H.-J. He, and Y.-C. Wang, Flavor structure of the
cosmic-ray electron/positron excesses at DAMPE, Phys.
Lett. B 781, 88 (2018).

[93] W. Chao, H.-K. Guo, H.-L. Li, and J. Shu, Electron flavored
dark matter, Phys. Lett. B 782, 517 (2018).

[94] T. Nomura, H. Okada, and P. Wu, A radiative neutrino
mass model in light of DAMPE excess with hidden
gauged Uð1Þ symmetry, J. Cosmol. Astropart. Phys. 05
(2018) 053.

[95] Y. Zhao, K. Fang, M. Su, and M. C. Miller, A strong test of
the dark matter origin of the 1.4 TeV DAMPE signal using
IceCube neutrinos, arXiv:1712.03210.

[96] E. Giusarma, M. Gerbino, O. Mena, S. Vagnozzi, S. Ho, and
K. Freese, Improvement of cosmological neutrino mass
bounds, Phys. Rev. D 94, 083522 (2016).

[97] E. Giusarma, S. Vagnozzi, S. Ho, S. Ferraro, K. Freese,
R. Kamen-Rubio, and K.-B. Luk, Scale-dependent galaxy
bias, CMB lensing-galaxy cross-correlation, and neutrino
masses, Phys. Rev. D 98, 123526 (2018).

[98] V. Shtabovenko, R. Mertig, and F. Orellana, New develop-
ments in FeynCalc 9.0, Comput. Phys. Commun. 207, 432
(2016).

MULTI-COMPONENT DARK MATTER IN A NON-ABELIAN … PHYS. REV. D 100, 015019 (2019)

015019-15

https://doi.org/10.1140/epjc/s10052-012-2093-z
https://doi.org/10.1016/j.physrep.2013.07.004
https://doi.org/10.1051/0004-6361/201525830
https://doi.org/10.1051/0004-6361/201525830
https://doi.org/10.1038/nature03597
https://doi.org/10.1038/nature03597
https://doi.org/10.1103/PhysRevD.89.115022
https://doi.org/10.1088/1475-7516/2014/09/013
https://doi.org/10.1103/PhysRevD.77.035005
https://doi.org/10.1103/PhysRevD.77.035005
https://doi.org/10.1140/epjc/s10052-013-2455-1
https://doi.org/10.1007/JHEP05(2017)036
https://doi.org/10.1103/PhysRevD.89.042001
https://doi.org/10.1016/j.physletb.2018.03.006
https://doi.org/10.1103/PhysRevD.97.091701
http://arXiv.org/abs/1712.09586
http://arXiv.org/abs/1712.09586
https://doi.org/10.1016/j.physletb.2018.03.065
https://doi.org/10.1016/j.physletb.2018.03.065
https://doi.org/10.1016/j.physletb.2018.05.075
https://doi.org/10.1088/1475-7516/2018/05/053
https://doi.org/10.1088/1475-7516/2018/05/053
http://arXiv.org/abs/1712.03210
https://doi.org/10.1103/PhysRevD.94.083522
https://doi.org/10.1103/PhysRevD.98.123526
https://doi.org/10.1016/j.cpc.2016.06.008
https://doi.org/10.1016/j.cpc.2016.06.008

