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The two messenger results of the GeV gamma-ray excess at the Galactic center and a probable antiproton
excess in the recent AMS-02 observation suggest that these two anomalies may be owing to the same
origin—the dark matter (DM) annihilation into bb̄, while these results seem in tension with the dwarf
spheroidal galaxy observations. To give a compatible explanation about it, we consider the pseudoscalar
DM particles Sþd S

−
d annihilating via Sþd S

−
d → S0dS

0
d, with the process mediated by a new scalar ϕ and S0d

quickly decaying into bb̄. For the particles Sþd , S
−
d , and S0d in a triplet with degenerate masses, the

annihilation cross section of DM today is linearly dependent on the relative velocity vr, and thus constraints
from the dwarf spheroidal galaxies are relaxed. The parameter spaces are derived with corresponding
constraints. Though traces from the new sector seem challenging to be disclosed at the collider and in DM
direct detections, the indirect search of the gamma-ray line from the S0d’s decay has the potential to shed
light on DM annihilations, with the energy of the gamma-ray line ∼mS0d

=2, i.e. about 50–75 GeV.

DOI: 10.1103/PhysRevD.96.055009

I. INTRODUCTION

Today the nature of dark matter (DM) is still unclear, and
the cosmic ray observation may indirectly provide some
properties of DM. One possible DM signature is the
Galactic center (GC) 1–3 GeV gamma-ray excess, which
may be due to the weakly interacting massive particle
(WIMP)-type DM annihilating into bb̄, cc̄, qq̄ (light quarks
u, d, s), ττ̄ et al. [1–15], e.g., WIMPs in a mass range of
about 35–74 GeV annihilating into bb̄ with the cross
section of about ð1–3Þ × 10−26 cm3=s. Meanwhile, the
updated constraints of the dwarf spheroidal galaxies from
the Fermi-LAT [16–18] seem in tension with most DM
interpretations of the GC gamma-ray excess. Yet, some
schemes can also be compatible with the constraints of
dwarf galaxies, such as WIMPs annihilating into μþμ−,
eþe− [19,20], decays of the asymmetric DM with anti-DM
holding enough energy to escape dwarf spheroidal galaxies
[21], or the p-wave annihilating DM from a decaying
predecessor [22]. Another possible explanation about the
gamma-ray excess is the millisecond pulsars [2–4,23–27],
while some discussions [28–31] indicate that this astro-
physical explanation seems challenging to produce the
majority of the observed gamma-ray excess.
In addition, the charged cosmic rays may also shed light

on the properties of DM. Recently, the analysis of the
antiproton flux from the AMS-02 observations [32] indi-
cates the existence of a possible DM signal, e.g., WIMPs in
a mass range of around 50–80 GeV annihilating into bb̄
with the cross section of about ð1–5Þ × 10−26 cm3=s
[33,34]. It happens that the range of DM inferred from

the GC gamma-ray excess could coincide with that from
antiproton observations, and these two messenger results
suggest that the signals may be owing to the same origin
from DM annihilations, i.e., WIMPs in a mass range of
about 50–75 GeV mainly annihilating into bb̄ with an
annihilation cross section ∼ð1–3Þ × 10−26 cm3=s (this is
corresponding to about a 2σ region for the two joint fitting
results of Ref. [35]).
Now, how to realize the DM annihilations suggested

above and meanwhile being compatible with constraints
from dwarf spheroidal galaxies becomes a crucial ques-
tion,1 and this is of our concern in this paper. Here we try to
relax the tension in the mechanism, and consider a scenario
that DM pairs annihilate into pairs of unstable particles with
the unstable particles mainly decaying into the standard
model (SM) bb̄. To satisfy the constraints from dwarf
galaxies, a possible solution is DM and the unstable particle
being in a multiplet with nearly degenerate masses. The
annihilations of DM near the threshold are phase space
suppressed today, which is sensitive to the velocity of DM
(see, e.g., Refs. [37,38]), and the constraints from dwarf
galaxies can be relaxed due to the relatively low velocity.
This scheme can be realized via two dark charged pseu-
doscalar particles Sþd , S−d and one neutral pseudoscalar
particle S0d being in a triplet (like SM pions) in the hidden
sector (see, e.g., Ref. [38] for more). The DM candidate
particles Sþd , S

−
d are stable due to the dark charge, and the

unstable neutral particle S0d is considered to couple with SM
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1In Ref. [36], the tension becomes relaxed with the assumption
that the DM in dwarf spheroidal galaxies may be overestimated,
and the similar case was also discussed in Ref. [35].
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fermions with the couplings proportional to the fermions’
masses. A new scalar field is introduced, which mediates
the main annihilation process of DM Sþd S

−
d → S0dS

0
d. As

the annihilation of DM today is suppressed, to obtain the
indicated DM annihilation cross section, we consider the
case of DM annihilating near the resonance. This scheme is
also helpful to evade the present stringent constraints from
DM direct detections [39–42].
For thermal freeze-out DM, the DM and SM particles

were in the thermal equilibrium for some time in the early
universe, and this can be easily realized for the case of DM
directly annihilating into SM particles. For the DM anni-
hilations of concern, the thermal equilibrium is obtained via
a small mixing between the new scalar mediator and the SM
Higgs boson. This sets a lower bound on themixing, and the
corresponding constraintwill be derived. The possible traces
from the hidden sector will be discussed, i.e., the production
of the new scalar at the collider, indirect detections of the
γ-ray line, and the search of DM in direct detections.
This work is organized as follows. After this introduc-

tion, we briefly give the interactions of new scalar mediated
WIMPs in Sec. II. Next we will discuss the indicated
WIMP annihilations in Sec. III. Then we give a numerical
analysis about traces of the new sector with corresponding
constraints in Sec. IV. The last section is a brief conclusion
and discussion.

II. INTERACTIONS OF NEW SCALAR
MEDIATED WIMPS

In this paper, we consider that two dark charged
pseudoscalar particles Sþd , S

−
d and one neutral pseudoscalar

particle S0d are in a dark triplet, with the stable particles S
þ
d ,

S−d being DM candidates and the unstable particle S0d
decaying into SM fermions. This can be obtained under
a gauge symmetry and/or a global symmetry, e.g., dark
pions in the hidden sector SU(N) symmetry [38,43]. A new
scalar fieldΦ is introduced which couples to the dark triplet
particles, while the SM Higgs field H does not directly
interact with the dark triplet particles. The effective
interactions between Φ and Sþd , S

−
d , S

0
d, H are taken as

Li
Φ ¼ −

1

2
λΦ2Sþd S

−
d −

1

4
λ0Φ2S0dS

0
d − μΦSþd S

−
d −

1

2
μ0ΦS0dS

0
d

− λhΦ2

�
H†H −

v2

2

�
− μhΦ

�
H†H −

v2

2

�
; ð1Þ

where v ≈ 246 GeV is the vacuum expectation value, and
Φ is taken to be no vacuum expectation gained [44,45]. The
mass splittingΔ between Sþd and S0d isΔ ¼ mSþd

−mS0d
, and

this splitting can be very small due to the symmetry in the
dark sector, i.e., jΔj ≪ mSþd

; mS0d
. Here we take λ0 ¼ λ,

μ0 ¼ μ for simplicity. The neutral pseudoscalar S0d couples
to SM fermions, and the effective form is taken as

Li
S ¼

X
f

igff̄γ5fS0d; ð2Þ

with gf being proportional to the fermion’s mass.2

The Φ field mixes with the scalar component h0 of the
Higgs field after the electroweak symmetry breaking,
generating the mass eigenstates ϕ, h in forms of�

ϕ

h

�
¼

�
cos θ sin θ

− sin θ cos θ

��Φ
h0

�
; ð3Þ

where θ is the mixing angle, with the value

tan 2θ ¼ 2vμh
m2

Φ −m2
h0
: ð4Þ

For the alteration of the Higgs sector being as small as
possible, here we consider the case of λh ≪ 1 and jvμhj ≪
minðm2

h0 ; m
2
ΦÞ. Thus, one has mh ≃mh0 , mϕ ≃mΦ, and the

mixing angle θ can be very small compared with unity, i.e.,
j sin θj≃ jθj ≪ 1. In addition, the mixing angle can play a
crucial role in the equilibrium between the DM sector and
SM sector in the early universe, and this will be discussed
in the following.

III. WIMP ANNIHILATIONS

Here the WIMP pair Sþd S
−
d mainly annihilates into S0dS

0
d

with the transition mediated by ϕ, and S0d decays into SM
massive fermions. The corresponding annihilation cross
section in one particle rest frame is

σannvr ≃ 1

2

βf
32πðs − 2m2

Sþd
Þ

μ4

ðs −m2
ϕÞ2 þm2

ϕΓ2
ϕ

; ð5Þ

where vr is the relative velocity between a WIMP pair, and
the factor 1

2
is due to the Sþd S

−
d pair required in annihilations.

s is the total invariant mass squared, and Γϕ is the decay
width of ϕ. βf is a kinematic factor, with βf ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

S0d
=s

q
. The annihilation of a WIMP pair near the

threshold is deeply phase space suppressed today. To meet
the annihilation cross section indicated by the GC gamma-
ray excess and antiproton observations and meanwhile
being compatible with the DM relic density (see
Appendix A for the relic density calculations), we consider
the WIMPs annihilating near the resonance. In the non-
relativistic case, we have s≃ 4m2

Sþd
þm2

Sþd
v2r . The typical

vr of DM today in the Milky Way is vr=c ∼ 10−3, and the
value is vr=c≲ 10−4 in the dwarf galaxies. For WIMP
annihilations today, the factor βf can be approximately
written as

2This effective coupling can be obtained, e.g., via interactions
in the technicolor-like scheme [46–49].
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βf ≈

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

Δ
mSþd

þ 1

4
v2r

s
: ð6Þ

To be compatible with the constraints from dwarf galaxies,
the constraint of the mass splitting is jΔj ≪ 10−7mSþd

, and
thus the factor βf is βf ≈ jvrj=2 (see also Ref. [38]).
The WIMP pair annihilations today depend on the

relative velocity vr. In the Milky Way, the averaged relative
velocity v̄r as a function of r is shown in Fig. 1. For more
details, see Appendix B. For a given position, the averaged
annihilation cross section hσannvri0 today can be obtained
via Eq. (5), with βf replaced by β̄f, and β̄f ≃ jv̄rj=2.
Now we turn to the GC gamma-ray excess via DM

annihilations. In the Milky Way, for a solid angle ΔΩ, the
differential flux of the photon dΦγ=dEγ from DM annihi-
lations can be written as

dΦγ

dEγ
¼

Z
ΔΩ

Z
l:o:s:

dldΩ0

4π

ρ2DMhσannvri0
2m2

DM

dNγ

dEγ
: ð7Þ

When hσannvri0 is insensitive to the DM velocity, a J-factor
can be separated from Eq. (7), with the form

J ¼
Z
ΔΩ

Z
l:o:s:

ρ2DMdldΩ0: ð8Þ

In this paper, due to β̄f, the averaged annihilation cross
section of DM today is velocity dependent. Here, a
weighted βJ ≃ jvJj=2 is introduced, with

vJ ¼
R
ΔΩ

R
l:o:s: v̄rρ

2
DMdldΩ0

J
: ð9Þ

Thus, Eq. (7) can be rewritten as

dΦγ

dEγ
¼ hσannvriJ

8πm2
DM

dNγ

dEγ
J; ð10Þ

where hσannvriJ is obtained via Eq. (5), with βf replaced
by βJ.
According to Eq. (10), to obtain the indicated DM

annihilations, an alternative scheme is the WIMP pair

annihilations via the process Sþd S
−
d → S0dS

0
d → ðbb̄Þðbb̄Þ.

Here the WIMP mass is doubled compared with that in the
Introduction, and the required annihilation cross section
hσannvriJ is multiplied by two, i.e., in a range of about

mSþd
∼ 100–150 GeV;

hσannvriJ ∼ ð2–6Þ × 10−26 cm3=s:

This type DM annihilation is of our concern, and it is nearly
equivalent to the indicated DM annihilations in the
Introduction in kinematics.
Suppose that the distribution of the DM halo is spherical

around the GC. For the gamma rays within a 5° cone
towards the GC, the main contribution is from the region
where the radius r≲ 0.74 kpc around the GC. Further-
more, it can be obtained that the distribution of Eq. (B3) is
valid for r ≥ 3 × 10−4 kpc. The region of interest with
3 × 10−4 kpc ≤ r≲ 0.74 kpc around the GC can give the
main contribution to the 5° cone from the GC. Substituting
the corresponding values, the value of vJ is obtained, with

vJ ≈ 83 km=s: ð11Þ

Meanwhile, the typical relative velocities in dwarf sphe-
roidal galaxies are less than 15 km=s [22,50,51]. This
means that the DM annihilation cross sections in dwarf
spheroidal galaxies are just about (or less than) 1=5 of
the hσannvriJ value at the GC, i.e., the equivalent
annihilation cross section (DM directly annihilating into
bb̄) ≲ð0.2–0.6Þ × 10−26 cm3=s. Thus, the constraints
from dwarf spheroidal galaxies (Refs. [16–18]) are
relaxed and compatible with the GC gamma-ray excess.
In addition, the indicated DM mass and annihilation

cross section in the Introduction can give a joint fit to both
the GC gamma-ray excess and the AMS-02 antiproton
observations with the assumption of the same annihilation
cross section (velocity independent). Here the annihilation
cross section of DM is linearly dependent on the relative
velocity. It can be seen from Fig. 1 that the typical v̄r in the
Milky Way is about 100 km=s, and thus the parameter
space of the GC gamma-ray excess is consistent with the
AMS-02 antiproton observations. Moreover, as a rough
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FIG. 1. The result of v̄r as a function of r in the Milky Way.
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estimate, a slightly larger typical DM annihilation cross
section at significant regions (near the Sun) is also favored
by the AMS-02 antiproton observations [33,34], and this
suggests that the velocity linearly dependent DM annihi-
lations could give a sightly better fit compared with the
velocity independent case. Further explorations are needed
about these types of DM annihilations.
Considering the annihilations of DM near the resonance,

we note ξ ¼ mϕ=2mSþd
, and thus ξ is around 1. The form of

Eq. (10) is feasible in the case of the relative velocity being
negligible compared with the mass difference between mϕ

and 2mSþd
, i.e., ðvJ=cÞ2 ≪ 8jξ − 1j. According to Eq. (11),

this is valid when

jξ − 1j ≳ 10−7: ð12Þ

In addition, the sin2 θ should be small enough to keep the
process Sþd S

−
d → S0dS

0
d dominant in DM annihilations

today. The main SM modes in DM annihilations are
WþW−, Z0Z0 (hh may also be allowed), and these modes
are away from the threshold. Note μ ¼ kmSþd

. For the range
of concern, considering Eqs. (5), (10), and (11), one has
that the sin2 θ should be approximately smaller than the
value 5 × 103k2=m4

Sþd
ðGeVÞ, with mSþd

in units of GeV.

Here, the value

sin2θ ≲ 10−5k2
�
100

mSþd

�
4

ð13Þ

is adopted. When ξ > 1, to obtain the DM annihilations of
concern, the required ξ − 1 is of order 10−7. For the jξ − 1j
value as large as possible within the parameter space, we
focus on the case of ξ < 1 in the following. Moreover, for
the case that the mass of the mediator mϕ is about twice of
the DM mass, this behavior may be naturally realized in
other contexts. For example, for the Kaluza-Klein (KK)
particles in the universal extra dimension, the masses of the
second level KK particles can be twice of the first level KK
particles. Thus, pairs of the first level KK particles can
annihilate closely to the resonance via the second level KK
particles. For more discussions, see, e.g., Refs. [52,53].

IV. NUMERICAL ANALYSIS WITH
CONSTRAINTS

Here we give a numerical analysis about the new sector
beyond the SM. Some parameters are input as follows:
mt ¼ 173.21 GeV, mb ¼ 4.18 GeV, mW ¼ 80.385 GeV,
mZ ¼ 91.1876 GeV, GF ¼ 1.1663787×10−5 GeV−2 [54],
and mh ¼ 125.09 GeV [55].

A. The results with the DM relic density

Here the values of the parameters μ, ξ will be evaluated
with the constraint of the DM relic density. The DM relic

density today is 0.1197� 0.0042 [56]. TheDMannihilation
cross section hσannvriJ is sensitive to the value 1–ξ (here
ξ < 1, as discussed above). For ξ in the range of Eq. (12), the
decay width Γϕ can be neglected in DM annihilations when
Eq. (13) is satisfied. Taking the constraint from the DM relic
density, the values of hσannvriJ, the coupling parameter k as
a function of 1 − ξ, are shown in Figs. 2 and 3, respectively,
withmSþd

¼ 100 GeV, and 1–ξ varying from 10−5 to 10−3. It
can be seen that, when 1–ξ changes in a range of about
ð0.45–1.0Þ × 10−4, the hσannvriJ varies from about
6 × 10−26 cm3=s to 2 × 10−26 cm3=s.
For a given 1–ξ, the value of hσannvriJ is not sensitive

to the mass mSþd
in the WIMP mass range of concern.

The result is shown in Fig. 4 with ð1–ξÞ ¼ 0.45 × 10−4,
1.0 × 10−4, and the corresponding coupling parameter
k is shown in Fig. 5. For mSþd

in a range of 100–150 GeV,

when 1–ξ changes in a range of about ð0.45–1.0Þ × 10−4,
the hσannvriJ varies from about 6 × 10−26 cm3=s to
2 × 10−26 cm3=s. This parameter range can give an explan-
ation about the GC gamma-ray excess and the AMS-02
antiproton observations.

FIG. 2. The relation between hσannvriJ and 1–ξ for
mSþd

¼ 100 GeV. The value of 1–ξ varies in a range of

10−5 − 10−3, and the solid curve is the corresponding value of
hσannvriJ for a given 1–ξ. The upper dashed curve and the lower
dashed curve are for the values of hσannvriJ ¼ 6 × 10−26 cm3=s
and 2 × 10−26 cm3=s respectively.

FIG. 3. The relation between k and 1–ξ for mSþd
¼ 100 GeV.

The value of 1–ξ varies in a range of 10−5 − 10−3, and the solid
curve is the corresponding value of k for a given 1–ξ.
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B. The ϕ

1. The decay of ϕ and constraints from the collider

Because of a small mixing of ϕ with the SM Higgs
boson, the couplings of ϕ with SM particles are Yukawa-
type interactions. As discussed above, the mass of ϕ is
about twice that of the DM mass, i.e., mϕ ∼ 200–300 GeV,
and the mass mϕ being slightly below 2mSþd

is of our
concern. In this case, the main decay products of ϕ are
WþW−, Z0Z0. The decay width of ϕ → VV (V ¼ W, Z) is

Γϕ→VV ≃GFm3
ϕsin

2θ

8
ffiffiffi
2

p
πδV

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4y

p
ð1 − 4yþ 12y2Þ; ð14Þ

with y ¼ m2
V=m

2
ϕ, and δW ¼ 1, δZ ¼ 2. If mϕ > 250 GeV,

the channel ϕ → hh is also allowed, and the decay width is

Γϕ→hh ≃
GFm3

ϕsin
2θ

16
ffiffiffi
2

p
π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
h

m2
ϕ

s �
1þ 2m2

h

m2
ϕ

�
2

: ð15Þ

The branching ratios of the main decay channels of ϕ are
shown in Fig. 6. For mϕ ¼ 200–300 GeV, the branching

ratio Bϕ→ZZ is about 20%–30%, and this channel can be
tested at LHC. The production of ϕ at LHC is mainly
through the gluon-gluon fusion, which is very similar to
the same mass Higgs boson production, with the corre-
sponding cross section multiplied by sin2 θ. For a pp
collision at the center of mass energy

ffiffiffi
s

p ¼ a few TeV,
the production cross section of Higgs with masses in a
range of 200–300 GeV was estimated in Refs. [57,58]: atffiffiffi
s

p ¼ 13 TeV, the cross section varies from about 17.5 pb
(mh ¼ 200 GeV) to 9.5 pb (mh ¼ 300 GeV) and atffiffiffi
s

p ¼ 14 TeV, the cross section varies from about
20.8 pb (mh ¼ 200 GeV) to 11.2 pb (mh ¼ 300 GeV).
The search of high mass scalar resonance via the decay
products of Z0Z0 → 4l (l ¼ e, μ) at

ffiffiffi
s

p ¼ 13 TeV was
issued by the CMS [59] and ATLAS [60] Collaborations;
i.e., the observed cross section is a few fb (with the
branching ratios included). As a rough estimate, sin2 θ ≲
10−2 is allowed by the search results. According to
Eq. (13), the decay products of ϕ are buried in the messy
background at LHC. Because of the suppression of sin2 θ,
the search of ϕ is challenging in the future TeV scale eþe−
collider, as indicated in Ref. [61].

2. The thermal equilibrium constraint

For thermal freeze-out WIMPs, the WIMPs and SM
particles were in the thermal equilibrium in the early
universe, i.e., the reaction rates of WIMPs ↔ SM particles
should be over the expansion rate of the Universe for some
time (see, e.g., Refs. [62–64] for more information) with

hσvrineq ≳ 1.66
ffiffiffiffiffi
g�

p
T2

mPl
; ð16Þ

where neq is the number density in the thermal equilibrium.
In the relativistic limit, one has nf ¼ 3ζð3ÞgfT3=4π2 for
fermions, and nb ¼ ζð3ÞgbT3=π2 for bosons. Here we
consider the case that the reaction rate of SM particles →
WIMPs can be over the expansion rate of the Universe at
some time after the electroweak symmetry breaking. The
transitions mainly contributed by the mixing between the

FIG. 4. The values of hσannvriJ for two given values of 1–ξ.
The solid curve and dashed curve are corresponding to ð1 − ξÞ ¼
0.45 × 10−4 and 1.0 × 10−4, respectively.mSþd

varies in a range of
100–150 GeV.
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FIG. 5. The values of k for two given values of 1–ξ. The solid
curve and dashed curve are corresponding to ð1–ξÞ ¼ 0.45 × 10−4

and 1.0 × 10−4, respectively.mSþd
varies in a rangeof 100–150GeV.

FIG. 6. The branching ratios of ϕ decaying into WþW−, Z0Z0

and hh.
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new scalar mediator and the Higgs boson. For details about
the transitions, see Appendix C. Thus, Eq. (16) sets a lower
bound on the mixing angle θ.
For the reaction rate, the annihilation cross section at

least decreases as 1=s at a high energy, while the number
density is exponentially suppressed at a low energy. In this
paper mϕ ∼ 2mSþd

and mSþd
∼ 100–150 GeV, as the tran-

sitions mediated by ϕ close to the resonance are signifi-
cantly enhanced, we take the temperature scale T ∼mh and
just consider the transitions mediated by ϕ with the
contributions from WþW−, Z0Z0 and hh pairs in calcu-
lations. The lower limit of k2 sin2 θ is shown in Fig. 7.

C. The S0d
Here we assume that the lifetime of S0d is less than (or

similar to) the time scale from the beginning of the big bang
to the moment that the temperature of the Universe is
cooling to mS0d

, and thus S0d is relativistic when its decay

occurs. In this case, the number density of S0d can be of its
equilibrium value during Sþd ; S

−
d freeze out [38,65]. This

sets a lower bound on the couplings of S0d to SM fermions.
In the early universe of the radiation dominant epoch, the
temperature T can be written as a function of time t,

T ¼
�
16π3

45
Gg�

�
−1=4

t−1=2; ð17Þ

where Gð¼ 1=m2
PlÞ is the Newton’s constant of gravitation.

At T ∼mS0d
, the effective lifetime τeff of S0d is

1

τeff
≃ mS0d

hES0d
i
X
f

g2fNcmS0d

8π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

f=m
2
S0d

q
; ð18Þ

where the time dilation effect is considered, and hES0d
i

is the averaged energy of S0d. At T ¼ mS0d
, one has

hES0d
i ≈ 3.25 T. The main decay product of S0d is bb̄,

and thus we have

g2b ≳ 7.40 × 10−18
ffiffiffiffiffi
g�

p
mS0d

ðGeVÞ: ð19Þ

The S0d particle decays into γγ via charged fermion loops,
and this is constrained by the GC gamma-ray line obser-
vation. The decay width is [66]

ΓS0d→γγ ¼
α2m3

S0d

256π3

�����
X
f

NcQ2
fgfFS0d

ðτfÞ
mf

�����
2

; ð20Þ

where τf ¼ m2
S0d
=4m2

f, and

FS0d
ðτfÞ ¼

2

τf
×

8>><
>>:

arcsin2 ffiffiffiffiffi
τf

p ; τf ≤ 1

− 1
4

�
log

1þ
ffiffiffiffiffiffiffiffiffi
1−τ−1f

p
1−

ffiffiffiffiffiffiffiffiffi
1−τ−1f

p − iπ

�
2

; τf > 1
:

ð21Þ

The top quark gives the main contribution to the decay
width. Though the value of gf is unknown, the branching
ratio BS0d→γγ is set yet. Here, the annihilation cross section
of the γγ is about 2hσannvriJ × BS0d→γγ , with the energy of
the gamma-ray line ∼mS0d

=2 (and also ∼mSþd
=2). The GC

gamma-ray line was searched by the Fermi-LAT, and
within 95% containment of the expectation value, no
significant spectral line was found [67]. This limit can be
employed to set an upper limit of about the DM
annihilation of concern, and the revised upper limit can
be obtained via the DM mass doubled and the corre-
sponding upper limit multiplied by four compared with
that in Ref. [67]. The result is shown in Fig. 8, and it can
be seen that the gamma-ray line from DM annihilations
is allowed by the present observations within 95%
containment.
In addition, the S0d-like particle search at the col-

lider can give an upper limit of about the coupling gf,
and here we give a brief discussion about it. For the S0d-b
quark coupling, the constraints about gb were discussed
in Refs. [68,69], with gb ≲ 0.1, and this constraint is mild.
Consider that the couplings of S0d with SM fermions are
smaller compared with that of the Higgs boson, and a
limit g2b ≲ 10−3

ffiffiffi
2

p
GFm2

b is taken here. This S0d-like
particle is allowed by the diphoton observation at
LHC [70].

D. DM direct detection

Now we turn to the direct detection of WIMPs. The
WIMP-nucleon spin-independent elastic scattering medi-
ated by h and ϕ is

σel ≃
sin2θk2m2

Sþd
g2hNNm

2
N

4πðmSþd
þmNÞ2

�
1

m2
h

−
1

m2
ϕ

�
2

; ð22Þ

FIG. 7. The lower limit of k2 sin2 θ from the thermal equilib-
rium, with mSþd

varying in a range of 100–150 GeV.
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where mN is the nucleon mass. ghNN is the effective
Higgs-nucleon coupling, and ghNN ≃ 1.1 × 10−3 [71] is
adopted here.3

The recent DM direct detections of XENON1T [40],
PandaX-II [41], and LUX [42] set stringent constraints on
WIMP-type DM. To obtain the upper limit of σel, the value
of k is taken for the case of ð1 − ξÞ ¼ 1.0 × 10−4 in Fig. 5.
Considering the upper limit of Eq. (13), the result is shown
in Fig. 9. The expected upper limit of the DM scattering is
far below the neutrino background estimated in Ref. [77],

and the DM of concern escapes the future direct detection
experiments.

V. CONCLUSION AND DISCUSSION

In this paper, the DM annihilation of Sþd S
−
d → S0dS

0
d

mediated by ϕ with S0d quickly decaying into bb̄ has been
studied to explain the GC gamma-ray excess and AMS-02
antiproton observations, with mSþd

in a range of 100–
150 GeVand the DM annihilation cross section hσannvriJ ¼
2–6 × 10−26 cm3=s. In this scenario, the particles Sþd , S

−
d ,

and S0d are in a triplet in hidden sector with degenerate
masses. The annihilation cross section of DM today is
linearly dependent on the relative velocity vr, and thus
constraints from the dwarf spheroidal galaxies are sup-
pressed and relaxed. With the indication of the GC
gamma-ray excess, we consider the DM annihilating
near the resonance, and the weighted relative velocity
vJ ≈ 83 km=s is derived.
The values of the coupling parameter k and the mass

ratio parameter ξ are derived with the constraint of the DM
relic density. In the DM mass range of concern, when 1–ξ
varies in a range of ð0.45–1.0Þ × 10−4, the corresponding
hσannvriJ varies from about 6 × 10−26 cm3=s to
2 × 10−26 cm3=s. This is favored by the joint results of
the GC gamma-ray excess and the AMS-02 antiprotons. In
addition, by a rough estimate, it suggests that the velocity
linearly dependent DM annihilations could give a sightly
better fit compared with the usual assumption of velocity
independent. Moreover, the case that the mass of the
mediator is about twice of the DM mass, this may be
related to other contexts, such as the universal extra
dimension [52], or other undiscovered symmetries.
Further explorations are needed for the velocity linearly
dependent DM annihilations.
The upper limit of the mixing angle θ set by LHC is mild,

and the search of ϕ particle is challenging at future collider
experiments. An upper limit on the DM-nucleon elastic
scattering cross section is set by the upper limit of θ from
the DM main annihilation process Sþd S

−
d → S0dS

0
d, and this

limit is far below the neutrino background in direct
detections. The thermal equilibrium in the early Universe
sets a lower limit on k sin θ, which has been calculated.
Though traces from the new sector are difficult to be
disclosed via the search at the collider and the DM direct
detection, the indirect search of the gamma-ray line from
S0d’s decay has the potential to shed light on DM annihi-
lations, with the energy of the gamma-ray line ∼mS0d

=2
(about 50–75 GeV). We look forward to more precise
observations on the GC gamma-ray line, with the results
from the Fermi-LAT [67], the Dark Matter Particle
Explorer [78], the Cherenkov Telescope Array [79], the
High Energy cosmic-Radiation Detection [80,81], and the
GAMMA-400 [82,83].

FIG. 8. The annihilation cross section of γγ (the value of
2hσannvriJ × BS0d→γγ), with the energy of the gamma-ray line

∼mS0d
=2 and mS0d

varying in a range of 100–150 GeV. The lower
dotted curve and upper dotted curve are for the case of
hσannvriJ ¼ 2 × 10−26 cm3=s and 6 × 10−26 cm3=s, respectively.
The lower solid curve and upper solid curve are the expectation
value of the gamma-ray line limit and the upper 95% containment
of the expectation value, respectively, for the DM profile of
NFWc R3 [67]. The two dashed curves are the expectation value
of the gamma-ray line limit plus the contribution from DM
annihilations, with the lower one and upper one for the case of
hσannvriJ ¼ 2 × 10−26 cm3=s and 6 × 10−26 cm3=s, respectively.
The solid-dotted curve is the observed limit [67].

FIG. 9. The result of the elastic scattering cross section σel. The
solid curves from top to bottom are the upper limits set by DM
direction detections of PandaX-II [41], LUX [42] and XENON1T
[40]. The upper dashed curve and lower dashed curve are the
lower detection limit set by the neutrino background [77] and the
upper limit of the DM scattering from Eq. (13), respectively.

3See, e.g., Refs. [72–76] for more.
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APPENDIX A: THE ABUNDANCE OF DM

The thermally averaged annihilation cross section of DM
at temperature T is [84,85]

hσannvri ¼
2x

K2
2ðxÞ

Z
∞

0

dε
ffiffiffi
ε

p ð1þ 2εÞ

× K1ð2x
ffiffiffiffiffiffiffiffiffiffiffi
1þ ε

p Þσannvr; ðA1Þ

with ε ¼ ðs − 4m2
Sþd
Þ=4m2

Sþd
, and x ¼ mSþd

=T. Ki is the

modified Bessel function of order i. For thermal freeze-
out DM at temperature Tf, the thermally averaged anni-
hilation cross section links to the DM relic density ΩD
today via the relation [86,87]

ΩDh2 ≃ 1.07 × 109 GeV−1

Jann
ffiffiffiffiffi
g�

p
mPl

; ðA2Þ

with

Jann ¼
Z

∞

xf

hσannvri
x2

dx; ðA3Þ

and the parameter xf (xf ¼ mSþd
=Tf) can be approximately

written as

xf ≃ ln 0.038
gmPlmSþd

hσannvriffiffiffiffiffiffiffiffiffig�xf
p : ðA4Þ

Here h is the reduced Hubble constant (in units of
100 km s−1 Mpc−1), and g� is the effective number of the
relativistic degrees of freedom at temperature Tf. mPl is
the Planck mass with mPl ¼ 1.22 × 1019 GeV, and g is the
degrees of freedom of DM. The value of xf is about 20. Here
theDMparticlesSþd ; S

−
d are nonrelativisticwhen they freeze-

out. In this paper, we consider the case that S0d remains in
thermal equilibrium with SM particles before Sþd S

−
d freeze-

out,4 as discussed in Refs. [38,89]. The abundances of
Sþd ; S

−
d , and S

0
d are nearly to be the equilibrium abundances

before Sþd ; S
−
d freeze-out [38,65,89], and Eq. (A2) is

available.

APPENDIX B: THE RELATIVE VELOCITY

For a WIMP pair with velocities v1, v2 in the GC, dwarf
spheroidal galaxies or the whole Milky Way, the averaged
annihilation cross section today is

hσannvri0
¼ 1

2

Z
vesc

0

dv1

Z
vesc

0

dv2

Z
1

−1
d cos θfðv1Þfðv2Þσannvr;

ðB1Þ

where the relative velocity vr can be obtained via the
relation vr ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21 þ v22 − 2v1v2 cos θ

p
. The escape velocity

vesc is radial position r dependent, and one has [90]

v2esc ¼ 2

Z
∞

r

dr
r
v2cðrÞ; ðB2Þ

with vcðrÞ being the circular velocity (see Refs. [91,92]
for the value of vc at a given r in the Milky Way). fðvÞ is
the velocity distribution, and here a Maxwell-Boltzmann
distribution is adopted [22,90,93]

fðvÞ ¼ 3
ffiffiffi
6

p
ffiffiffi
π

p
σ3v

v2e−3v
2=2σ2v ; ðB3Þ

where σv is the velocity dispersion at a given r. For the
Galactic DM, the fitting form is

σ3vðrÞ ¼ v30

�
r
rs

�
χ ρðrÞ
ρ0

; ðB4Þ

where χ ¼ 1.64 is adopted with the baryon contributions
included [90], and v0¼ 130 km=s is taken [94,95]. A
Navarro–Frenk–White (NFW) density profile of DM is
adopted

ρðrÞ ¼ ρ0
ð rrsÞγð1þ r

rs
Þ3−γ ; ðB5Þ

with rs ¼ 20 kpc, and γ ¼ 1.2 being adopted for the best fit
result in Refs. [7,10]. The distance from the Sun to the GC
is R⊙ ≃ 8.5 kpc, and ρ0 is taken for the DM density near
the Sun being ∼0.4 GeV=cm3. An averaged β̄f ≃ jv̄rj=2 is
introduced, with the averaged relative velocity

v̄r ¼
1

2

Z
vesc

0

dv1

Z
vesc

0

dv2

Z
1

−1
d cos θfðv1Þfðv2Þvr: ðB6Þ

APPENDIX C: THE TRANSITION OF SM → DM

Consider the ϕ mediated transitions of SMparticles →
WIMPs first. For each SM fermion species, the annihilation
cross section is4For other case, see, e.g., discussions in Ref. [88].
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σvrðff̄Þ ¼
λ2SMμ

2ðs − 4m2
fÞ

32πðs − 2m2
fÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

Sþd
=s

q
ðs −m2

ϕÞ2 þm2
ϕΓ2

ϕ

; ðC1Þ

with λSM ¼ sin θmfð
ffiffiffi
2

p
GFÞ1=2. For the SM massive vector

boson pair VV (V ¼ W, Z), the annihilation cross section is

σvrðVVÞ ¼
sin2θμ2

ffiffiffi
2

p
GFs2

144πðs − 2m2
VÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

Sþd
=s

q
ðs −m2

ϕÞ2 þm2
ϕΓ2

ϕ

×

�
1 −

4m2
V

s
þ 12m4

V

s2

�
: ðC2Þ

For the hh pair, the annihilation cross section is

σvrðhhÞ ¼
sin2θμ2

ffiffiffi
2

p
GFm4

ϕ

16πðs − 2m2
hÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

Sþd
=s

q
ðs −m2

ϕÞ2 þm2
ϕΓ2

ϕ

×

�
1þ 2m2

h

m2
ϕ

�
2

: ðC3Þ

The transitions mediated by h are similar to that of
ϕ, just with mϕ, Γϕ replaced by mh, Γh, respectively.
For a 125 GeV SM Higgs boson, the total width is Γh ¼
4.07 × 10−3 GeV [54,96].
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