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Recently the AMS-02 experiment reported an excess of cosmic ray antiprotons over the expected 
astrophysical background. We interpret the excess as a signal from annihilating or decaying dark matter 
and find that the observed spectrum is well fitted by adding contributions from the annihilation or decay 
of dark matter with mass of O(TeV) or larger. Interestingly, Wino dark matter with mass of around 
3 TeV, whose thermal relic abundance is consistent with present dark matter abundance, can explain the 
antiproton excess. We also discuss the implications for the decaying gravitino dark matter with R-parity 
violation.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

The existence of the dark matter (DM) has been confirmed by 
various cosmological observations [1], yet its identity is a complete 
mystery. The DM provides the most robust evidence for physics 
beyond the Standard Model.

Recently, the AMS-02 collaboration has reported their latest re-
sults of the cosmic-ray antiproton measurement [2], which may be 
indirect signatures of annihilating/decaying DM in our Universe. 
Although recent studies [3,4] have claimed that the AMS-02 an-
tiproton flux is within the uncertainties of the astrophysical sec-
ondary antiproton flux, the predicted secondary antiproton flux 
still tends to be smaller than the observed one at higher energy 
� 100 GeV, which may indicate a DM contribution in that energy 
range. Refs. [3–5] also derived upper bound on the DM signal, but 
the conservative bound [4] is still weak, which allows a large DM 
contribution.

In this letter, we consider annihilating and decaying DM as a 
possible source of the AMS-02 antiproton flux. We show that an-
nihilating/decaying DM with a mass of O(TeV) can explain the 
antiproton flux in the high energy range. We also investigate the 
implications for supersymmetric (SUSY) DM. It is shown that the 
AMS-02 antiprotons may originate from Wino DM with a mass 
of 2–3 TeV. Surprisingly, the Wino mass of around 3 TeV, which 
is suitable for the thermal relic DM scenario, can explain the ob-
served antiproton data. Another interesting DM candidate is grav-
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itino with an R-parity violation. It is shown that O(TeV) grav-
itino DM with an R-parity violation can also be the source of the 
AMS-02 antiprotons.

2. Antiproton from annihilating and decaying DM

The flux of primary antiprotons from DM annihilation/decay at 
the Solar System, �r = �r� , is given by1

�DM
p̄ (T ) = v(T )

4π
f p̄(T ,�r�) , (1)

where v(T ) is the velocity of the antiproton with kinetic energy 
T and f p̄(T , �r) is the antiproton number density per unit kinetic 
energy. The propagation of antiprotons is described by a cylindrical 
stationary diffusion model [6]

0 = ∂

∂t
f p̄(T ,�r)

= ∇ [
K (T )∇ f p̄(T ,�r)] − ∂

∂z

[
sign(z)V c f p̄(T ,�r)]

− 2hδ(z)�ann(T ) f p̄(T ,�r) + Q (T ,�r), (2)

with boundary conditions f p̄(T , �r) = 0 at r = R and z = ±L, where 
(r, ϕ, z) are the galactic cylindrical coordinates. Here, the effects 
of energy losses, reacceleration, and tertiary antiprotons are ne-
glected.

1 We neglect the difference between the fluxes at the top of the Earth’s atmo-

sphere �TOA
p̄ and at the interstellar �IS

p̄ due to the solar modulation, since its effect 
is O(1)% for T � 50 GeV.
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Table 1
Propagation parameters [9].

Model R (kpc) L (kpc) K0 (kpc2/Myr) δ V c (km/s)

MIN 20 1 0.0016 0.85 13.5
MED 20 4 0.0112 0.70 12
MAX 20 15 0.0765 0.46 5

In Eq. (2), K (T ) is the diffusion coefficient and assumed to 
be spatially constant. It is parametrized as K (T , �r) = K (T ) =
K0β(p/GeV)δ , where p and β = v(T )/c are the momentum and 
velocity of the antiproton, respectively. The V c term represents 
the convective wind, which is assumed to be constant and per-
pendicular to the galactic plane. The third term represents the 
annihilation of the antiproton on interstellar protons in the galac-
tic plane, where h represents the thickness of the galactic plane 
and �ann(T ) = (nH + 42/3nHe)σ

ann
pp̄ v(T ) is the annihilation rate. We 

take h = 0.1 kpc, nH = 1 cm−3, nHe = 0.07nH, and σ ann
pp̄ given in 

Refs. [7,8],

σ ann
pp̄ =

⎧⎪⎨⎪⎩
661(1 + 0.0115T −0.774 − 0.948T 0.0151) mb

T < 15.5 GeV ,

36T −0.5 mb
T ≥ 15.5 GeV .

(3)

Lastly, Q (T , �r) is the source term of the antiprotons. We adopt the 
set of propagation parameters R , L, K0, δ, and V c in Ref. [9], which 
are shown in Table 1.

The source term for DM annihilation/decay is given by

Q (T ,�r) = q(�r)dNp̄(T )

dT
(4)

where dNp̄(T )/dT is the energy spectrum of the antiproton per 
one annihilation/decay, and q(�r) is given by

q(�r) = 1

2
〈σ v〉

(
ρDM(|�r|)

mDM

)2

for annihilating DM , (5)

q(�r) = 1

τDM

(
ρDM(|�r|)

mDM

)
for decaying DM . (6)

Here, mDM and ρDM(|�r|) are the mass and the density profile of the 
DM, respectively. In addition, 〈σ v〉 is the annihilation cross section 
for the annihilating DM case, while τDM is the DM lifetime for the 
decaying DM case.

The differential equation (2) can be solved analytically, which 
leads to

�DM
p̄ (T ) = v(T )

4π
G̃(T )

dNp̄(T )

dT
. (7)

For the source spectrum dNp̄(T )/dT , we consider the following 
DM annihilation and decay channels:

• annihilation: χχ → W +W − ,
• decay: χ → W ±∓ ,

where χ denotes the DM and  is a charged lepton. In Fig. 1, 
we show the numerical result for the antiproton spectrum from 
χχ → W +W − obtained by Pythia 6.4 [10]. Our results agree well 
with the fitting formula in Ref. [11], which we use in the follow-
ing analysis.2 The spectrum from the decaying DM with a mass 
of mDM is given by that from the annihilating DM with a mass of 
mDM/2 rescaled by the factor of 1/2.

2 As for the fitting parameters pi(mDM) in Ref. [11], we used pi(mDM = 5 TeV)

for mDM ≥ 5 TeV.
Fig. 1. Energy spectra of antiproton produced by non-relativistic annihilation of DM. 
Red and blue lines correspond to those for χχ → W +W − and b̄b, respectively. The 
DM mass is taken to be 2 TeV. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.)

In Fig. 1, we also show the antiproton spectrum from χχ → bb̄. 
The source spectra for W +W − and bb̄ are relatively close in the 
parameter range of our interest. We have checked that the resul-
tant antiproton flux from χχ → bb̄ is similar to the one from 
χχ → W +W − .

The analytic expression for G̃(T ) is given by [6]

G̃(T ) =
∞∑

i=1

exp

( −V cL

2K (T )

)
yi(T )

Ai(T ) sinh(Si(T )L/2)
J0

(
ζir�

R

)
(8)

where

yi(T ) = 4

J 2
1(ζi)R2

R∫
0

r′dr′ J0

(
ζir′

R

) L∫
0

dz′ exp

(
V c(L − z′)

2K (T )

)

× sinh

(
Si(L − z′)

2

)
q(�r) ,

Ai(T ) = 2h�ann(T ) + V c + K (T )Si(T ) coth

(
Si(T )L

2

)
,

Si(T ) =
√

V 2
c

K (T )2
+ 4ζ 2

i

R2
.

Here, J0 and J1 are the zeroth and first order Bessel functions of 
the first kind, respectively, and ζi are the successive zeros of J0. 
We have calculated the Green’s function G̃(T ) by using the NFW 
density profile [12]

ρDM(|�r|) = ρ�
r�
|�r|

(
1 + r�/rs

1 + |�r|/rs

)2

, (9)

with ρ� = 0.3 GeV/cm3, r� = 8.5 kpc and rs = 20 kpc. We 
parametrize the result as

G̃(T ) = 1

2
〈σ v〉 ρ2�

m2
DM

Gann(T ) annihilating DM, (10)

G̃(T ) = ρ�
mDMτDM

Gdec(T ) decaying DM. (11)

For annihilating DM, our numerical result of Gann(T ) agrees well 
with the fitting formula given in Ref. [13]. For decaying DM, our 
numerical result is well reproduced with the following fitting func-
tion

Gdec(T ) = exp
(

a0 + a1τ + a2τ
2 + a3τ

3
)

× 1014 s, (12)
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Fig. 2. The antiproton to proton ratio for MIN (top), MED (middle) and MAX (bottom) propagation models. The red lines are those predicted by the DM annihilation (left) 
and decay (right). For the annihilation case, the DM mass is taken to be 0.5 (solid), 2 (dotted), 10 (dashed), and 20 TeV (long-dashed), while the annihilation cross section is 
taken to be 2 × 10−23, 2 × 10−24, and 6 × 10−25 cm3/s, for MIN, MED, and MAX propagation models, respectively. For the decay case, the DM mass is taken to be 1 (solid), 
3 (dotted), 10 (dashed), and 30 TeV (long-dashed), while the lifetime is 1 × 1026, 5 × 1026, and 2 × 1027 s, for MIN, MED, and MAX propagation models, respectively. The 
background is shown in the green line, and the AMS-02 data are shown by the cyan points. (For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this article.)
Table 2
Fitting parameters for decaying DM.

Model a0 a1 a2 a3

MIN 1.1127 1.7495 −1.2730 0.1412
MED 3.0662 0.8814 −0.8377 0.09178
MAX 4.5815 −0.3546 −0.2322 0.02524

where

τ = log10(T /GeV), (13)

and the coefficients are shown in Table 2 for MIN, MED, and MAX 
propagation models.3

3 Our result slightly differs from the fitting formula presented in Ref. [14] for high 
energy region, T �O(100) GeV.
In Fig. 2, we show our numerical results of p̄/p ratio for anni-
hilating and decaying DM. Here, for the proton flux, we adopt the 
following fitting formula

�p(T )

m−2 sr−1 s−1 GeV−1

= [10.0 − θ(−τ300)3.0 τ300 − θ(τ300)0.6 τ300]

× 103
(

T

GeV

)−2.7

, (14)

where τ300 = log10(T /300 GeV), which reproduces the newly re-
leased proton flux by AMS-02 [2] well for T � 30 GeV. In the 
figures, we also show the background spectrum represented by the 
fitting function in Ref. [13]:

log10

⎛⎝ �
bkg
p̄

m−2 sr−1 s−1 GeV−1

⎞⎠
= −1.64 + 0.07τ − τ 2 − 0.02τ 3 + 0.028τ 4. (15)
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As can be seen from the figures, the antiproton flux can be ex-
plained by annihilating/decaying DM with masses of O(TeV). No-
tice that the cross sections and lifetimes used in Fig. 2 are not the 
best-fit values, but just for presentation. The signal antiproton flux 
is proportional to 〈σ v〉 or τ−1

DM, and hence the AMS-02 antiproton 
flux can be explained in a wide range of DM mass if 〈σ v〉 or τDM
is appropriately chosen.

3. Implications for supersymmetric DM

In this section, we briefly discuss the implications for some of 
SUSY DM candidates: annihilating Wino DM and decaying gravitino 
DM.

3.1. Wino dark matter

As shown in the previous section, if the antiproton flux is from 
the annihilating DM, it requires a mass of O(TeV) and relatively 
large annihilation cross section of O(10−24 cm3 s−1). Such a pa-
rameter space is natural in the Wino DM scenario. In this case, 
the DM annihilation cross section is determined by its mass, and 
hence the antiproton flux depends only on the Wino mass.

In Fig. 3, we show the p̄/p ratio for several Wino masses for 
MIN, MED and MAX propagation models. Here, we adopt the anni-
hilation cross section in Refs. [15,16]. As seen in the figure, Wino 
DM can account for the observed p̄/p ratio for several choices of 
masses. Interestingly, for the MED and MAX propagation models, 
Wino mass of 2.9 TeV can fit the antiproton data. Such a Wino 
mass is indeed predicted by the thermal relic abundance of Wino 
DM [17,18]. As can be seen in the figures, smaller Wino masses 
can also explain the data. In this case, a non-thermal production 
of Wino DM is necessary, such as gravitino [19–22], moduli [19,
23], or Q-ball decay [24]. The antiproton flux at the AMS-02 may 
be the first hint of the Wino DM.

3.2. Gravitino DM with R-parity violation

In the scenario of gravitino DM with an R-parity violation [25,
26], a small R-parity violating coupling and the Planck-suppressed 
interaction lead to a long DM lifetime. In the case of bilinear R-
parity violation, its lifetime is given by [25,26]

τ3/2  1026 s

(
λ

10−7

)−2 ( m3/2

1 TeV

)−3
, (16)

where m3/2 is the gravitino mass and λ is the R-parity violating 
effective coupling.

As shown in Fig. 2, if the high energy antiproton flux is from 
decaying gravitino DM, it implies m3/2 � O(1) TeV and τ3/2 
1026–1027 s. This corresponds to an R-parity violating coupling of 
λ ∼ 10−7–10−8. Such a value of R-parity violation is attractive from 
the cosmological point of view, since it is large enough to solve the 
constraint from the long-lived next-to-lightest SUSY particle (NLSP) 
while small enough to avoid the baryon erasure in combination 
with sphaleron (cf. [27]).

The gravitino abundance is given by [28–30]4

�3/2h2  0.1g2
s ln

(
1.3

gs

)(
1 +

m2
g̃

3m2
3/2

)( m3/2

1 TeV

)(
TR

109 GeV

)
,

(17)

4 Note that the NLSP quickly decays with R-parity violation without producing 
gravitinos.
Fig. 3. The antiproton to proton ratio in the Wino DM scenario for MIN (top), MED 
(middle) and MAX (bottom) propagation models. Red lines are those for the Wino 
mass of 2.9 TeV, while blue lines are those for the Wino mass of 2.2 TeV (MIN), 
1.7 TeV (MED), and 1.2 TeV (MAX). The solid lines are signal plus background, while 
the dashed lines are signal-only. The background is shown in the green line, and the 
AMS-02 data are shown by the cyan points. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.)

where gs denotes the SU(3) gauge coupling constant, mg̃ the 
gluino mass and TR the reheating temperature after inflation. 
Therefore, for explaining the AMS-02 antiprotons with gravitino 
DM of m3/2 � (a few) TeV, we need TR � 109 GeV. This is slightly 
lower than the temperature required by the standard thermal lep-
togenesis scenario [31–33], while non-thermal leptogenesis [34]
can explain the observed baryon asymmetry.

4. Discussion

Now let us discuss various observational constraints on the 
annihilating/decaying DM scenario for explaining the AMS-02 an-
tiprotons.

• Cosmic microwave background (CMB): Recent Planck obser-
vation on the cosmic microwave background anisotropy con-
strains the DM annihilation cross section as feff〈σ v〉/mDM �
4 × 10−28 cm3 s−1 GeV−1 [35], where feff ∼ 0.3 (in the case of 
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DM annihilation into W +W − or bb̄) is the effective fraction 
of the energy per DM annihilation that ionizes the hydrogen 
at the epoch of recombination [36]. This leads to the following 
constraint

〈σ v〉� 1 × 10−24 cm3 s−1
( mDM

1 TeV

)
. (18)

For the MAX and MED model, this constraint is satisfied. For 
the MIN model, the required cross section is too large to 
satisfy this bound. This does not constrain the decaying DM 
model, because the energy injection around the recombina-
tion epoch is sufficiently small. Big-bang nucleosynthesis also 
constrains the annihilating DM model [37,16,38], but the con-
straint is weaker than that from CMB.

• Cosmic-ray positron: The annihilating/decaying DM also yields 
high-energy cosmic-ray positrons. We have explicitly checked 
that the typical annihilating/decaying DM models explaining 
the AMS-02 antiprotons do not conflict with the PAMELA [39]
and AMS-02 [40] positron measurements for the MED and 
MAX models.

• Gamma-rays (continuum): Fermi satellite searches for gamma-
rays from dwarf spheroidal galaxies and puts severe constraint 
on the DM annihilation cross section and decay rate. The con-
straint reads 〈σ v〉 � (0.2–10) × 10−24 cm3 s−1 for DM mass 
of 1–10 TeV in the case of annihilating DM [41]. For decaying 
DM, the diffuse gamma-ray background gives stringent con-
straint [42–44] and the typical constraint reads τDM � 1027 s
for DM mass of 1–10 TeV. For both annihilating and decaying 
DM cases to explain the AMS-02 antiproton data, the MED and 
MAX models can satisfy the constraint.

• Gamma-rays (line): Annihilating or decaying DM also produces 
line gamma. For example, the Wino DM annihilates into Zγ . 
For DM mass of O(TeV), the HESS telescope gives stringent 
constraint on such line signals from the Galactic center in 
the case of DM annihilation [45]. However, the constraint sig-
nificantly depends on the DM density profile. According to 
Ref. [46], in which constraint from the gamma-ray line from 
Galactic center is derived for the case of Wino DM, MED and 
MAX parameters are allowed for mild coring of the DM den-
sity profile around the Galactic center.

Finally, we comment on several possibilities to discriminate 
two scenarios to explain the anti-proton excess observed by the 
AMS-02, i.e., the annihilating Wino and decaying gravitino sce-
narios. As we have mentioned, in the annihilating Wino scenario, 
we expect sizable gamma-ray flux from high DM density regions. 
With future improvements in the observation of gamma-ray flux 
from dwarf spheroidal galaxies, for example, signal of Wino DM 
may be observed [47]. In addition, in the Wino DM scenario, siz-
able gamma-ray line flux is expected from the annihilation mode 
χχ → Zγ . The predicted gamma-ray line flux from the Galactic 
center is within the reach of future Cherenkov Telescope Array 
(CTA) experiment even for the cored density profile for the Wino 
mass of a few TeV [48,49]. This may be a smoking-gun signature of 
the Wino DM scenario. On the contrary, in the decaying DM sce-
nario, gamma-ray emission is effective even at extragalactic region. 
Thus, detailed study of the extragalactic gamma-ray background 
may give us a hint about the decaying gravitino DM. Furthermore, 
in the case of gravitino DM decaying into W ±e∓ or W ±μ∓ , a siz-
able positron flux is also expected. In particular, when the gravitino 
decays into W ±e∓ , a sharp edge of the positron spectrum at the 
energy around m3/2/2 may be an interesting signature of the de-
caying gravitino scenario.

In summary, we studied the cosmic-ray antiproton flux from 
DM annihilation and decay in light of the recent AMS-02 result. 
It is possible to explain the observed p̄/p ratio by adding DM 
contributions to the typical astrophysical background. In particular, 
we found that Wino DM with mass of around 3 TeV can success-
fully account for the antiproton data, which is consistent with the 
present DM abundance in the standard thermal freezeout scenario. 
Decaying gravitino DM heavier than a few TeV can also explain the 
data.

5. Note added in proof

While finalizing this manuscript, Ref. [50] appeared which has 
some overlaps with the present work.
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