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Current situation

• Excess in Positron and Electron flux :            
PAMELA/AMS-02 and Fermi

• No excess in gamma-rays : Fermi, HESS, ...

• No excess in neutrinos : SK, IceCube

• Strong constraint from CMB and BBN

• Excess in Anti-Proton ? : AMS-02
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Figure 2: The combined total uncertainty on the predicted secondary p̄/p ratio, superim-

posed to the older Pamela data [48] and the new Ams-02 data.

expected to be relevant only at small energies and in any case to have a small impact.

Finally, p̄’s have to penetrate into the heliosphere, where they are subject to the phenomenon
of Solar modulation (abbreviated with ‘SMod’ when needed in the following). We describe this
process in the usual force field approximation [47], parameterized by the Fisk potential �F ,
expressed in GV. As already mentioned in the Introduction, the value taken by �F is uncertain,
as it depends on several complex parameters of the Solar activity and therefore ultimately on
the epoch of observation. In order to be conservative, we let �F vary in a wide interval roughly
centered around the value of the fixed Fisk potential for protons �p

F (analogously to what done
in [25], approach ‘B’). Namely, �F = [0.3, 1.0] GV ' �p

F ± 50%. In fig. 1, bottom right panel,
we show the computation of the ratio with the uncertainties related to the value of the Fisk
potential in the considered intervals. Notice finally that the force field approximation, even if
‘improved’ by our allowing for di↵erent Fisk potentials for protons and antiprotons, remains
indeed an e↵ective description of a complicated phenomenon. Possible departures from it could
introduce further uncertainties on the predicted p̄/p, which we are not including. However it
has been shown in the past that the approximation grasps quite well the main features of the
process, so that we are confident that our procedure is conservative enough.

Fig. 2 constitutes our summary and best determination of the astrophysical p̄/p ratio and
its combined uncertainties, compared to the new (preliminary) Ams-02 data. The crucial
observation is that the astrophysical flux, with its cumulated uncertainties, can reasonably well
explain the new datapoints. Thus, our first —and arguably most important— conclusion is
that, contrarily to the leptonic case, there is no clear antiproton excess that can be identified in
the first place, and thus, at this stage, no real need for primary sources. This also means that,
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III. ANTIPROTON AND POSITRON FITTINGS

FIG. 1: Antiproton fraction fitted to the data. The data
points are taken by [1] for AMS-02, and by [15] for PAMELA.
The dotted line is plotted only by using the background
flux [33]. The shadow region represents the uncertainties of
the background flux among the propagation models shown
in [1].

In Fig. 1, we plot the antiproton fraction at the Earth
in our model (See the model B shown in Ref. [4]). For
the background flux, we adopted the 15% smaller value
of the mean value shown in [33]. Here, the radius of a
spherical DC, RDC = 40 pc is adopted. The target proton
density is set to be n0 = 50 cm−3. The spectral index
s = 1.75 and the maximum energy Emax = 100 TeV are
assumed. We take the duration of the pp collision to be
tpp = 2 × 105 yr. The total energy of the accelerated
protons is assumed to be Etot,p = 3 × 1050 erg. The
distance to the front of the DC is set to be d = 200 pc.
About the diffusion time of e− and e+, tdiff = 2× 105 yr
is adopted. We take the magnetic field outside the DC
to be Bdiff = 3 µG (See [4] for the further details).
In Fig. 2 we also plot the positron fraction and the total

e−+e+ flux. It is remarkable that we can automatically
fit the observational data of both the positron fraction
and the total e− + e+ flux by using the same set of the
parameters [4].
The positron fraction rises at higher energies than that

of the antiproton fraction (Fig. 2), because the spectral
index of the background antiproton is harder than that of
the background positron. This comes from a difference
between their cooling processes. Only for background
positrons and electrons the cooling is effective in the cur-
rent situation.
In Fig. 3, we plot the positron to antiproton ratio as a

function of the rigidity. Here the local components repre-
sent the contribution of the nearby SNRs produced only
by the pp collisions. From this figure, we find that both
of the positron and the antiproton can be consistently

FIG. 2: (a) Positron fraction (solid line), which includes
the electrons and positrons coming from the DC and back-
ground electrons (dotted line, for example see Refs. [29, 30]).
Filled circles correspond to the AMS-02 data [1, 34, 35] and
PAMELA data [5] (b) Total electron and positron flux (solid
line). The flux of the electrons and positrons created only in
the DC (background) is plotted by the dashed (dotted) line.
Observational data by AMS-02, Fermi, HESS, BETS, PPB-
BETS, and ATIC2 [6–8, 36] are also plotted. The shadow
region represents the uncertainty of the HESS data.

fitted only by adding astrophysical local contributions
produced from the same pp collision sources.

IV. CONCLUSION

We have discussed the anomaly of the antiproton frac-
tion recently-reported by the AMS-02 experiment. By
considering the same origin of the pp collisions between
cosmic-ray protons accelerated by SNRs and a dense
cloud which surrounds the SNRs, we can fit the data
of the observed antiproton and positron simultaneously
without a fine tuning in the model parameters. The ob-
served fluxes of both antiprotons and positrons are con-
sistent with our predictions shown in Ref. [4].
Regardless of the model details, the ratio of antipro-

tons and positrons is essentially determined by the fun-
damental branching ratio of the pp collisions. Thus the
observed antiproton excess should entail the positron ex-
cess, and vice versa. This does not depend on the propa-
gation model since both antiparticles propagate in a sim-
ilar way below the cooling cutoff energy ∼ TeV.
The cutoff energy of e− cooling marks the supernova

age of ∼ 105 years [18, 37], while we also expect a e+

cutoff. The trans-TeV energy will be probed by the fu-
ture CALET, DAMPE and CTA experiments [38, 40].
An anisotropy of the arrival direction is also a unique
signature, e.g., [39].
The boron to carbon ratio as well as the Li to car-

bon ratio have no clear excesses [1]. This suggests that
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IV. CONCLUSION

We have discussed the anomaly of the antiproton frac-
tion recently-reported by the AMS-02 experiment. By
considering the same origin of the pp collisions between
cosmic-ray protons accelerated by SNRs and a dense
cloud which surrounds the SNRs, we can fit the data
of the observed antiproton and positron simultaneously
without a fine tuning in the model parameters. The ob-
served fluxes of both antiprotons and positrons are con-
sistent with our predictions shown in Ref. [4].
Regardless of the model details, the ratio of antipro-

tons and positrons is essentially determined by the fun-
damental branching ratio of the pp collisions. Thus the
observed antiproton excess should entail the positron ex-
cess, and vice versa. This does not depend on the propa-
gation model since both antiparticles propagate in a sim-
ilar way below the cooling cutoff energy ∼ TeV.
The cutoff energy of e− cooling marks the supernova

age of ∼ 105 years [18, 37], while we also expect a e+

cutoff. The trans-TeV energy will be probed by the fu-
ture CALET, DAMPE and CTA experiments [38, 40].
An anisotropy of the arrival direction is also a unique
signature, e.g., [39].
The boron to carbon ratio as well as the Li to car-

bon ratio have no clear excesses [1]. This suggests that
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Dark Matter ！？
which show that the AMS-02 p̄/p data can impose stringent constraints on DM candidates

of weakly interacting massive particles.
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FIG. 6: (Upper left) values of �2
min as a function of DM particle mass m

�

from a fit

to the AMS-02 p̄/p data ( with kinetic energy above 20 GeV ) in the “conventional”

propagation model [13, 15] with the DM profile fixed to Einasto [36]. Three annihilation

channels bb̄, qq̄ and W+W� are considered. (Upper right) predicted p̄/p ratio in the case of

background (“conventional” model) plus a DM contribution with m
�

= 6.5 TeV, h�vi =
1.9 ⇥ 10�24cm3s�1, and annihilation final states W+W�. The flux ratio of antiproton

from DM to the proton from the background p̄DM/pBG is shown as the dashed line. The

data from AMS-02 [2] and PAMELA [29] are also shown. (Lower left) the same as the

upper right, but for the bb̄ channel with m
�

= 10.9 TeV and h�vi = 3.4 ⇥ 10�24 cm3s�1.

(Lower right) the same as the upper right, but for the qq̄ channel with m
�

= 10.9 TeV

and h�vi = 3.3⇥ 10�24 cm3s�1.

As shown in Fig. 2, the spectrum of the AMS-02 p̄/p ratio tends to be flat toward

high energies above ⇠ 100 GeV. This trend, if confirmed by the future AMS-02 data,

is not expected from the secondary production of antiprotons, and raises the interesting

question whether this would leave some room for a heavy DM contribution, similar to

the case of the AMS-02 positron fraction [40, 41, 42, 43, 44]. To explore this possibility,
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Model R(kpc) L(kpc) K0(kpc2/Myr) δ Vc(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

Table 1: Propagation parameters [9].

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 Vc term represents the
convective wind, which is assumed to be constant and perpendicular to the galactic plane.
The third term represents the annihilation of the antiproton on interstellar protons in the
galactic plane, where h represents the thickness of the galactic plane and Γann(T ) =
(nH + 42/3nHe)σann

pp̄ v(T ) is the annihilation rate. We take h = 0.1 kpc, nH = 1 cm−3,
nHe = 0.07nH, and σann

pp̄ given in Refs. [7, 8],

σann
pp̄ =

{
661(1 + 0.0115T−0.774 − 0.948T 0.0151)mb T < 15.5GeV ,

36T−0.5mb T ≥ 15.5GeV .
(3)

Lastly, Q(T,"r) is the source term of the antiprotons. We adopt the set of propagation
parameters R, L, K0, δ, and Vc 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
〈σv〉

(
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, 〈σv〉 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

ΦDM
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:
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2

fi(E, �x) : Distribution function of species i

Diffusion Equation 

where Urad denotes the radiation energy density.2 For example, the present cosmic microwave
background radiation has an energy density of UCMB = (π2/15)T 4

CMB ! 0.26 eVcm−3(TCMB/2.725K)4.
The star light also fills the galaxy, whose energy density is estimated to be Ustar ∼ 0.6 eVcm−3.
Inserting typical radiation energy density of ∼ 1 eVcm−3 we would obtain

[
−dE

dt

]

IC

∼ 1.0 × 10−16 [GeVs−1]

(
E

1 GeV

)2 (
Urad

1 eVcm−3

) (me

m

)4
, (3.10)

where we have assumed the propagating particle is relativistic. Notice the similarity between the
expressions for the synchrotron and Inverse-Compton energy loss formulae. This is not surpris-
ing, since both processes can be regarded as scatterings of particles with photon from microphys-
ical viewpoint.

To summarize, the energy loss rate of a charged particle can be schematically expressed as

b(E) ≡
[
−dE

dt

]

ion

+

[
−dE

dt

]

brem

+

[
−dE

dt

]

IC+sync

= c0 + c1E + c2E
2, (3.11)

where the first and second terms represent ionization and bremmstrahlung losses, respectively.
The last term involves both the synchrotron and Inverse-Compton losses. Coefficients c0, c1, c2

depend on the matter in which a particle is propagating. In the case of cosmic-ray electron/positron
propagations in the Galaxy, which is the main subject of this chapter, the last term coming from
synchrotron and inverse-Compton losses are the most important one. In the case of the muon
energy loss inside the rock, which will be treated in Chap. 5, the first and second terms are
important.

3.1.2 Diffusion-loss equation
Let us write down the diffusion-loss equation which describes the propagation of charged parti-
cles in the Galaxy. The galaxy is filled with highly tangled magnetic field, which causes random
motions of charged particles. They lose energy during the propagation as described above, and
also they undergo inelastic scatterings with inter stellar medium and are converted into some
other species. The medium responsible for diffusion process may move away from the Galactic
disc (galactic wind, or convective wind), which causes a flaw towards the direction perpendicular
to the Galactic disc. There are sources of cosmic-rays, such as supernova remnants, pulsars and
also dark matter annihilation/decay. Taking these effects into account, propagations of cosmic-
rays are well described by the following equation [79],

∂

∂t
fi(E, #x) =K(E)∇2fi(E, #x) +

∂

∂E
[b(E)fi(E, #x)] + Qi(E, #x)

− ∂

∂z
[Vc(z)fi(E, #x)] − fi(E, #x)

τi
+

∑

j>i

Pji

τj
fj(E, #x),

(3.12)

2This expression is valid only when the scattering process can be approximated by the Thomson scatter at the
electron rest frame; i.e., when the condition γeEγ ' me is satisfied. Otherwise, the energy loss rate cannot be put
into such a simple form (see the App. B). However, this approximation is valid for most cases which we consider in
the following.
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where we have assumed the propagating particle is relativistic. Notice the similarity between the
expressions for the synchrotron and Inverse-Compton energy loss formulae. This is not surpris-
ing, since both processes can be regarded as scatterings of particles with photon from microphys-
ical viewpoint.

To summarize, the energy loss rate of a charged particle can be schematically expressed as
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]
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where the first and second terms represent ionization and bremmstrahlung losses, respectively.
The last term involves both the synchrotron and Inverse-Compton losses. Coefficients c0, c1, c2

depend on the matter in which a particle is propagating. In the case of cosmic-ray electron/positron
propagations in the Galaxy, which is the main subject of this chapter, the last term coming from
synchrotron and inverse-Compton losses are the most important one. In the case of the muon
energy loss inside the rock, which will be treated in Chap. 5, the first and second terms are
important.

3.1.2 Diffusion-loss equation
Let us write down the diffusion-loss equation which describes the propagation of charged parti-
cles in the Galaxy. The galaxy is filled with highly tangled magnetic field, which causes random
motions of charged particles. They lose energy during the propagation as described above, and
also they undergo inelastic scatterings with inter stellar medium and are converted into some
other species. The medium responsible for diffusion process may move away from the Galactic
disc (galactic wind, or convective wind), which causes a flaw towards the direction perpendicular
to the Galactic disc. There are sources of cosmic-rays, such as supernova remnants, pulsars and
also dark matter annihilation/decay. Taking these effects into account, propagations of cosmic-
rays are well described by the following equation [79],

∂
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(3.12)

2This expression is valid only when the scattering process can be approximated by the Thomson scatter at the
electron rest frame; i.e., when the condition γeEγ ' me is satisfied. Otherwise, the energy loss rate cannot be put
into such a simple form (see the App. B). However, this approximation is valid for most cases which we consider in
the following.
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Model R(kpc) L(kpc) K0(kpc2/Myr) δ Vc(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

Table 1: Propagation parameters [9].

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 Vc term represents the
convective wind, which is assumed to be constant and perpendicular to the galactic plane.
The third term represents the annihilation of the antiproton on interstellar protons in the
galactic plane, where h represents the thickness of the galactic plane and Γann(T ) =
(nH + 42/3nHe)σann

pp̄ v(T ) is the annihilation rate. We take h = 0.1 kpc, nH = 1 cm−3,
nHe = 0.07nH, and σann

pp̄ given in Refs. [7, 8],

σann
pp̄ =

{
661(1 + 0.0115T−0.774 − 0.948T 0.0151)mb T < 15.5GeV ,

36T−0.5mb T ≥ 15.5GeV .
(3)

Lastly, Q(T,"r) is the source term of the antiprotons. We adopt the set of propagation
parameters R, L, K0, δ, and Vc 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
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Here, mDM and ρDM(|"r|) are the mass and the density profile of the DM, respectively. In
addition, 〈σv〉 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
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For the source spectrum dNp̄(T )/dT , we consider the following DM annihilation and decay
channels:
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where Urad denotes the radiation energy density.2 For example, the present cosmic microwave
background radiation has an energy density of UCMB = (π2/15)T 4

CMB ! 0.26 eVcm−3(TCMB/2.725K)4.
The star light also fills the galaxy, whose energy density is estimated to be Ustar ∼ 0.6 eVcm−3.
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where we have assumed the propagating particle is relativistic. Notice the similarity between the
expressions for the synchrotron and Inverse-Compton energy loss formulae. This is not surpris-
ing, since both processes can be regarded as scatterings of particles with photon from microphys-
ical viewpoint.

To summarize, the energy loss rate of a charged particle can be schematically expressed as

b(E) ≡
[
−dE

dt

]

ion

+

[
−dE

dt

]

brem

+

[
−dE

dt

]

IC+sync

= c0 + c1E + c2E
2, (3.11)

where the first and second terms represent ionization and bremmstrahlung losses, respectively.
The last term involves both the synchrotron and Inverse-Compton losses. Coefficients c0, c1, c2

depend on the matter in which a particle is propagating. In the case of cosmic-ray electron/positron
propagations in the Galaxy, which is the main subject of this chapter, the last term coming from
synchrotron and inverse-Compton losses are the most important one. In the case of the muon
energy loss inside the rock, which will be treated in Chap. 5, the first and second terms are
important.

3.1.2 Diffusion-loss equation
Let us write down the diffusion-loss equation which describes the propagation of charged parti-
cles in the Galaxy. The galaxy is filled with highly tangled magnetic field, which causes random
motions of charged particles. They lose energy during the propagation as described above, and
also they undergo inelastic scatterings with inter stellar medium and are converted into some
other species. The medium responsible for diffusion process may move away from the Galactic
disc (galactic wind, or convective wind), which causes a flaw towards the direction perpendicular
to the Galactic disc. There are sources of cosmic-rays, such as supernova remnants, pulsars and
also dark matter annihilation/decay. Taking these effects into account, propagations of cosmic-
rays are well described by the following equation [79],
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2This expression is valid only when the scattering process can be approximated by the Thomson scatter at the
electron rest frame; i.e., when the condition γeEγ ' me is satisfied. Otherwise, the energy loss rate cannot be put
into such a simple form (see the App. B). However, this approximation is valid for most cases which we consider in
the following.
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Lastly, Q(T,"r) is the source term of the antiprotons. We adopt the set of propagation
parameters R, L, K0, δ, and Vc in Ref. [9], which are shown in Table 1.

The source term for DM annihilation/decay is given by
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Here, mDM and ρDM(|"r|) are the mass and the density profile of the DM, respectively. In
addition, 〈σv〉 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
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Here, mDM and ρDM(|"r|) are the mass and the density profile of the DM, respectively. In
addition, 〈σv〉 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
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For the source spectrum dNp̄(T )/dT , we consider the following DM annihilation and decay
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where Urad denotes the radiation energy density.2 For example, the present cosmic microwave
background radiation has an energy density of UCMB = (π2/15)T 4

CMB ! 0.26 eVcm−3(TCMB/2.725K)4.
The star light also fills the galaxy, whose energy density is estimated to be Ustar ∼ 0.6 eVcm−3.
Inserting typical radiation energy density of ∼ 1 eVcm−3 we would obtain
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where we have assumed the propagating particle is relativistic. Notice the similarity between the
expressions for the synchrotron and Inverse-Compton energy loss formulae. This is not surpris-
ing, since both processes can be regarded as scatterings of particles with photon from microphys-
ical viewpoint.

To summarize, the energy loss rate of a charged particle can be schematically expressed as
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2, (3.11)

where the first and second terms represent ionization and bremmstrahlung losses, respectively.
The last term involves both the synchrotron and Inverse-Compton losses. Coefficients c0, c1, c2

depend on the matter in which a particle is propagating. In the case of cosmic-ray electron/positron
propagations in the Galaxy, which is the main subject of this chapter, the last term coming from
synchrotron and inverse-Compton losses are the most important one. In the case of the muon
energy loss inside the rock, which will be treated in Chap. 5, the first and second terms are
important.

3.1.2 Diffusion-loss equation
Let us write down the diffusion-loss equation which describes the propagation of charged parti-
cles in the Galaxy. The galaxy is filled with highly tangled magnetic field, which causes random
motions of charged particles. They lose energy during the propagation as described above, and
also they undergo inelastic scatterings with inter stellar medium and are converted into some
other species. The medium responsible for diffusion process may move away from the Galactic
disc (galactic wind, or convective wind), which causes a flaw towards the direction perpendicular
to the Galactic disc. There are sources of cosmic-rays, such as supernova remnants, pulsars and
also dark matter annihilation/decay. Taking these effects into account, propagations of cosmic-
rays are well described by the following equation [79],
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(3.12)

2This expression is valid only when the scattering process can be approximated by the Thomson scatter at the
electron rest frame; i.e., when the condition γeEγ ' me is satisfied. Otherwise, the energy loss rate cannot be put
into such a simple form (see the App. B). However, this approximation is valid for most cases which we consider in
the following.
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Lastly, Q(T,"r) is the source term of the antiprotons. We adopt the set of propagation
parameters R, L, K0, δ, and Vc in Ref. [9], which are shown in Table 1.
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Here, mDM and ρDM(|"r|) are the mass and the density profile of the DM, respectively. In
addition, 〈σv〉 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

ΦDM
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:

2

L

R

Model R(kpc) L(kpc) K0(kpc2/Myr) δ Vc(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

Table 1: Propagation parameters [9].

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 Vc term represents the
convective wind, which is assumed to be constant and perpendicular to the galactic plane.
The third term represents the annihilation of the antiproton on interstellar protons in the
galactic plane, where h represents the thickness of the galactic plane and Γann(T ) =
(nH + 42/3nHe)σann

pp̄ v(T ) is the annihilation rate. We take h = 0.1 kpc, nH = 1 cm−3,
nHe = 0.07nH, and σann

pp̄ given in Refs. [7, 8],

σann
pp̄ =

{
661(1 + 0.0115T−0.774 − 0.948T 0.0151)mb T < 15.5GeV ,

36T−0.5mb T ≥ 15.5GeV .
(3)

Lastly, Q(T,"r) is the source term of the antiprotons. We adopt the set of propagation
parameters R, L, K0, δ, and Vc 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
〈σv〉

(
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, 〈σv〉 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

ΦDM
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:

2

fi(E, �x) : Distribution function of species i

Diffusion Equation 

where Urad denotes the radiation energy density.2 For example, the present cosmic microwave
background radiation has an energy density of UCMB = (π2/15)T 4
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where we have assumed the propagating particle is relativistic. Notice the similarity between the
expressions for the synchrotron and Inverse-Compton energy loss formulae. This is not surpris-
ing, since both processes can be regarded as scatterings of particles with photon from microphys-
ical viewpoint.
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where the first and second terms represent ionization and bremmstrahlung losses, respectively.
The last term involves both the synchrotron and Inverse-Compton losses. Coefficients c0, c1, c2

depend on the matter in which a particle is propagating. In the case of cosmic-ray electron/positron
propagations in the Galaxy, which is the main subject of this chapter, the last term coming from
synchrotron and inverse-Compton losses are the most important one. In the case of the muon
energy loss inside the rock, which will be treated in Chap. 5, the first and second terms are
important.

3.1.2 Diffusion-loss equation
Let us write down the diffusion-loss equation which describes the propagation of charged parti-
cles in the Galaxy. The galaxy is filled with highly tangled magnetic field, which causes random
motions of charged particles. They lose energy during the propagation as described above, and
also they undergo inelastic scatterings with inter stellar medium and are converted into some
other species. The medium responsible for diffusion process may move away from the Galactic
disc (galactic wind, or convective wind), which causes a flaw towards the direction perpendicular
to the Galactic disc. There are sources of cosmic-rays, such as supernova remnants, pulsars and
also dark matter annihilation/decay. Taking these effects into account, propagations of cosmic-
rays are well described by the following equation [79],
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2This expression is valid only when the scattering process can be approximated by the Thomson scatter at the
electron rest frame; i.e., when the condition γeEγ ' me is satisfied. Otherwise, the energy loss rate cannot be put
into such a simple form (see the App. B). However, this approximation is valid for most cases which we consider in
the following.
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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 Vc term represents the
convective wind, which is assumed to be constant and perpendicular to the galactic plane.
The third term represents the annihilation of the antiproton on interstellar protons in the
galactic plane, where h represents the thickness of the galactic plane and Γann(T ) =
(nH + 42/3nHe)σann

pp̄ v(T ) is the annihilation rate. We take h = 0.1 kpc, nH = 1 cm−3,
nHe = 0.07nH, and σann

pp̄ given in Refs. [7, 8],

σann
pp̄ =
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661(1 + 0.0115T−0.774 − 0.948T 0.0151)mb T < 15.5GeV ,
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(3)

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

The source term for DM annihilation/decay is given by

Q(T,"r) = q("r)
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Here, mDM and ρDM(|"r|) are the mass and the density profile of the DM, respectively. In
addition, 〈σv〉 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
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For the source spectrum dNp̄(T )/dT , we consider the following DM annihilation and decay
channels:
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where Urad denotes the radiation energy density.2 For example, the present cosmic microwave
background radiation has an energy density of UCMB = (π2/15)T 4

CMB ! 0.26 eVcm−3(TCMB/2.725K)4.
The star light also fills the galaxy, whose energy density is estimated to be Ustar ∼ 0.6 eVcm−3.
Inserting typical radiation energy density of ∼ 1 eVcm−3 we would obtain

[
−dE

dt

]

IC

∼ 1.0 × 10−16 [GeVs−1]

(
E

1 GeV

)2 (
Urad

1 eVcm−3

) (me

m

)4
, (3.10)

where we have assumed the propagating particle is relativistic. Notice the similarity between the
expressions for the synchrotron and Inverse-Compton energy loss formulae. This is not surpris-
ing, since both processes can be regarded as scatterings of particles with photon from microphys-
ical viewpoint.

To summarize, the energy loss rate of a charged particle can be schematically expressed as
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where the first and second terms represent ionization and bremmstrahlung losses, respectively.
The last term involves both the synchrotron and Inverse-Compton losses. Coefficients c0, c1, c2

depend on the matter in which a particle is propagating. In the case of cosmic-ray electron/positron
propagations in the Galaxy, which is the main subject of this chapter, the last term coming from
synchrotron and inverse-Compton losses are the most important one. In the case of the muon
energy loss inside the rock, which will be treated in Chap. 5, the first and second terms are
important.

3.1.2 Diffusion-loss equation
Let us write down the diffusion-loss equation which describes the propagation of charged parti-
cles in the Galaxy. The galaxy is filled with highly tangled magnetic field, which causes random
motions of charged particles. They lose energy during the propagation as described above, and
also they undergo inelastic scatterings with inter stellar medium and are converted into some
other species. The medium responsible for diffusion process may move away from the Galactic
disc (galactic wind, or convective wind), which causes a flaw towards the direction perpendicular
to the Galactic disc. There are sources of cosmic-rays, such as supernova remnants, pulsars and
also dark matter annihilation/decay. Taking these effects into account, propagations of cosmic-
rays are well described by the following equation [79],
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2This expression is valid only when the scattering process can be approximated by the Thomson scatter at the
electron rest frame; i.e., when the condition γeEγ ' me is satisfied. Otherwise, the energy loss rate cannot be put
into such a simple form (see the App. B). However, this approximation is valid for most cases which we consider in
the following.
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Lastly, Q(T,"r) is the source term of the antiprotons. We adopt the set of propagation
parameters R, L, K0, δ, and Vc in Ref. [9], which are shown in Table 1.
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Here, mDM and ρDM(|"r|) are the mass and the density profile of the DM, respectively. In
addition, 〈σv〉 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
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where we have assumed the propagating particle is relativistic. Notice the similarity between the
expressions for the synchrotron and Inverse-Compton energy loss formulae. This is not surpris-
ing, since both processes can be regarded as scatterings of particles with photon from microphys-
ical viewpoint.
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where the first and second terms represent ionization and bremmstrahlung losses, respectively.
The last term involves both the synchrotron and Inverse-Compton losses. Coefficients c0, c1, c2

depend on the matter in which a particle is propagating. In the case of cosmic-ray electron/positron
propagations in the Galaxy, which is the main subject of this chapter, the last term coming from
synchrotron and inverse-Compton losses are the most important one. In the case of the muon
energy loss inside the rock, which will be treated in Chap. 5, the first and second terms are
important.

3.1.2 Diffusion-loss equation
Let us write down the diffusion-loss equation which describes the propagation of charged parti-
cles in the Galaxy. The galaxy is filled with highly tangled magnetic field, which causes random
motions of charged particles. They lose energy during the propagation as described above, and
also they undergo inelastic scatterings with inter stellar medium and are converted into some
other species. The medium responsible for diffusion process may move away from the Galactic
disc (galactic wind, or convective wind), which causes a flaw towards the direction perpendicular
to the Galactic disc. There are sources of cosmic-rays, such as supernova remnants, pulsars and
also dark matter annihilation/decay. Taking these effects into account, propagations of cosmic-
rays are well described by the following equation [79],
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2This expression is valid only when the scattering process can be approximated by the Thomson scatter at the
electron rest frame; i.e., when the condition γeEγ ' me is satisfied. Otherwise, the energy loss rate cannot be put
into such a simple form (see the App. B). However, this approximation is valid for most cases which we consider in
the following.
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Lastly, Q(T,"r) is the source term of the antiprotons. We adopt the set of propagation
parameters R, L, K0, δ, and Vc in Ref. [9], which are shown in Table 1.

The source term for DM annihilation/decay is given by
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Here, mDM and ρDM(|"r|) are the mass and the density profile of the DM, respectively. In
addition, 〈σv〉 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
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where we have assumed the propagating particle is relativistic. Notice the similarity between the
expressions for the synchrotron and Inverse-Compton energy loss formulae. This is not surpris-
ing, since both processes can be regarded as scatterings of particles with photon from microphys-
ical viewpoint.
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where the first and second terms represent ionization and bremmstrahlung losses, respectively.
The last term involves both the synchrotron and Inverse-Compton losses. Coefficients c0, c1, c2

depend on the matter in which a particle is propagating. In the case of cosmic-ray electron/positron
propagations in the Galaxy, which is the main subject of this chapter, the last term coming from
synchrotron and inverse-Compton losses are the most important one. In the case of the muon
energy loss inside the rock, which will be treated in Chap. 5, the first and second terms are
important.

3.1.2 Diffusion-loss equation
Let us write down the diffusion-loss equation which describes the propagation of charged parti-
cles in the Galaxy. The galaxy is filled with highly tangled magnetic field, which causes random
motions of charged particles. They lose energy during the propagation as described above, and
also they undergo inelastic scatterings with inter stellar medium and are converted into some
other species. The medium responsible for diffusion process may move away from the Galactic
disc (galactic wind, or convective wind), which causes a flaw towards the direction perpendicular
to the Galactic disc. There are sources of cosmic-rays, such as supernova remnants, pulsars and
also dark matter annihilation/decay. Taking these effects into account, propagations of cosmic-
rays are well described by the following equation [79],
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2This expression is valid only when the scattering process can be approximated by the Thomson scatter at the
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fi(E, �x) : Distribution function of species i

Diffusion Equation 

where Urad denotes the radiation energy density.2 For example, the present cosmic microwave
background radiation has an energy density of UCMB = (π2/15)T 4

CMB ! 0.26 eVcm−3(TCMB/2.725K)4.
The star light also fills the galaxy, whose energy density is estimated to be Ustar ∼ 0.6 eVcm−3.
Inserting typical radiation energy density of ∼ 1 eVcm−3 we would obtain
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where we have assumed the propagating particle is relativistic. Notice the similarity between the
expressions for the synchrotron and Inverse-Compton energy loss formulae. This is not surpris-
ing, since both processes can be regarded as scatterings of particles with photon from microphys-
ical viewpoint.

To summarize, the energy loss rate of a charged particle can be schematically expressed as

b(E) ≡
[
−dE

dt

]

ion

+

[
−dE

dt

]

brem

+

[
−dE

dt

]

IC+sync

= c0 + c1E + c2E
2, (3.11)

where the first and second terms represent ionization and bremmstrahlung losses, respectively.
The last term involves both the synchrotron and Inverse-Compton losses. Coefficients c0, c1, c2

depend on the matter in which a particle is propagating. In the case of cosmic-ray electron/positron
propagations in the Galaxy, which is the main subject of this chapter, the last term coming from
synchrotron and inverse-Compton losses are the most important one. In the case of the muon
energy loss inside the rock, which will be treated in Chap. 5, the first and second terms are
important.

3.1.2 Diffusion-loss equation
Let us write down the diffusion-loss equation which describes the propagation of charged parti-
cles in the Galaxy. The galaxy is filled with highly tangled magnetic field, which causes random
motions of charged particles. They lose energy during the propagation as described above, and
also they undergo inelastic scatterings with inter stellar medium and are converted into some
other species. The medium responsible for diffusion process may move away from the Galactic
disc (galactic wind, or convective wind), which causes a flaw towards the direction perpendicular
to the Galactic disc. There are sources of cosmic-rays, such as supernova remnants, pulsars and
also dark matter annihilation/decay. Taking these effects into account, propagations of cosmic-
rays are well described by the following equation [79],

∂

∂t
fi(E, #x) =K(E)∇2fi(E, #x) +

∂

∂E
[b(E)fi(E, #x)] + Qi(E, #x)

− ∂
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[Vc(z)fi(E, #x)] − fi(E, #x)

τi
+

∑

j>i

Pji

τj
fj(E, #x),

(3.12)

2This expression is valid only when the scattering process can be approximated by the Thomson scatter at the
electron rest frame; i.e., when the condition γeEγ ' me is satisfied. Otherwise, the energy loss rate cannot be put
into such a simple form (see the App. B). However, this approximation is valid for most cases which we consider in
the following.
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energy loss inside the rock, which will be treated in Chap. 5, the first and second terms are
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Here, mDM and ρDM(|"r|) are the mass and the density profile of the DM, respectively. In
addition, 〈σv〉 is the annihilation cross section for the annihilating DM case, while τDM is
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For the source spectrum dNp̄(T )/dT , we consider the following DM annihilation and decay
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Propagation of charged particle in tangled magnetic field
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due to inverse Compton and synchrotron:

diffusion box. From cosmic-ray observations, the average energy density of cosmic rays in the
Galaxy can be estimated as ρCR ∼ 10−10 GeVcm−3. Approximating the diffusion zone in the
Galaxy as a cylinder with radius of 10 kpc and height of 1 kpc, the total energy carried by cosmic
rays is around ECR ∼ 1057 GeV. Typical escape time for the 1GeV cosmic ray is τesc ∼ 1015 sec.
Thus the total energy escaping from the diffusion zone is ECR/τesc ∼ 1042 GeVs−1. On the other
hand, SNe occur about per 30 year in the galaxy, and each SN releases the energy of 1051 erg.
Thus the energy supplied by the SNe is estimated as 6× 1044 GeVs−1. From this naive consider-
ation, we expect that if about 1% of the SN explosion energy is used for acceleration of particles,
the observed flux of cosmic rays can be accounted for.

3.1.4 Cosmic-ray propagation : electron
Now let us move to the propagation of cosmic-ray electrons/positrons. Detailed analytical solu-
tion of the diffusion equation is provided in the next section, and hence here we examine some
typical properties of the cosmic-ray electrons by making use of some approximations.

As is already discussed, an electron loses its energy quickly compared with nucleon. Accord-
ing to Eq. (3.10), the energy loss time for an electron is estimated to be

tloss =
E

b(E)
∼ 1.0 × 1016 s

(
E

1 GeV

)−1 (
Urad

1 eVcm−3

)−1

. (3.23)

Thus the propagation distance of an electron without significant energy loss is calculated as

Rloss =

√
EK(E)

b(E)
∼ 1.8 kpc

(
1 GeV

E

)(δ−1)/2

. (3.24)

Therefore, high-energy electrons cannot propagate beyond a few kpc from the source. This is
an essential difference from the propagation of protons and other nuclei. Whenever high-energy
electrons/positrons are observed, their sources must lie within around a few kpc from the Earth.

Taking these properties into account, we can approximate the diffusion equation (3.12) as the
following form :

∂

∂t
fe(E, $x) = K(E)∇2fe(E, $x) +

∂

∂E
[b(E)fe(E, $x)] + Q(E, $x). (3.25)

This is the basic equation for analyzing the cosmic-ray electron/positron spectrum for a given
source, including DM annihilation/decay. In this section, however, we make further simplifica-
tion. Let us suppose that the source is uniformly distributed and the electron distribution reaches
a steady state. Then we can neglect the time and spatial derivative terms, and are only left with

∂

∂E
[b(E)fe(E)] + Q(E) = 0. (3.26)

This is easily integrated to yield

fe(E) =
kE−(α−1)

(α − 1)b(E)
, (3.27)
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Primary/Secondary ratio

Primary: Produced at Source (Proton, Carbon, ...)

Secondary: Produced by primary CR-intersteller 
medium interaction (Anti-proton, Boron, ...)

fprim

fsec

fsec

fprim
� tint

tesc

Prim/Sec ratio determines escape time, but
there is a degeneracy on K and L.

R [kpc] L [kpc] δ K0[kpc2/Myr] K0[cm2/s] Vc[km/s]

MAX 20.0 15 0.46 0.0765 2.31 × 1028 5
MED 20.0 4 0.70 0.0112 3.38 × 1027 12
MIN 20.0 1 0.85 0.0016 4.83 × 1026 13.5

Table 3.1: Propagation models that fit the observed B/C ratio from Ref. [104]. The best fit model
is “MED”, and “MAX (MIN)” models maximize (minimize) the primary antiproton flux.

XL ∼ 8.4 gcm−2. We can solve Eq. (3.15) analytically as

fM(X) = NM(0)e−X/X̃M + QMX̃M

(
1 − e−X/X̃M

)
. (3.16)

This reaches a steady state solution when X > X̃M ,

fM $ QMX̃M , fL $ fMPML
X̃L

XM
. (3.17)

For high energy cosmic rays E % 1 GeV, Xesc & XM , XL is satisfied, and hence X̃M ∼ X̃L ∼
Xesc. Therefore, taking the ratio, we obtain

fL

fM
= PML

Xesc

XM
. (3.18)

This explicitly shows that measurements of the secondary-to-primary ratio of the cosmic ray
nuclei abundance directly provide information on the escape time and, in turn, the diffusion
coefficient. In particular, energy dependence of this ratio traces that of the diffusion constant
K(E). Actually measurements of the B/C ratio give the most useful data to obtain the diffusion
constant as K(E) = K0β(R/1 GV)δ with K0 ∼ 3 × 1027 cm2s−1 and δ ∼ 0.70. Here R is
the rigidity of the nuclei defined by the momentum per its electric charge. For the case of a
relativistic proton, it simply coincides with its kinetic energy. It should be noted that, however,
there is a degeneracy between the diffusion coefficient and the height of the diffusion zone for
reproducing the B/C ratio, since the increase of the diffusion constant can be compensated by
the increase of the height of the diffusion zone for obtaining a same escape time. For reference,
Table. 3.1 shows diffusion model parameters which fit the observed B/C data [104]. It is clearly
seen that there is an uncertainty for diffusion model parameters.

In order to get intuitive picture of the cosmic-ray propagation, let us make some order esti-
mations. As a representative model, we use the MED model for the diffusion parameters. The
mean free path for each diffusive process is

λ =
K(E)

c
∼ 1 × 1017 cm

(
E

1 GeV

)δ

. (3.19)

The time t to diffuse out the distance R is given by

t =
R2

K(E)
∼ 3 × 1015 s

(
E

1 GeV

)−δ (
R

1 kpc

)2

. (3.20)

– 26 –

 Anti-p of DM origin is Primary, not Secondary, hence
anti-p flux of DM origin significantly depend on L.

Donato et al. (2004)
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FIG. 1: Predictions for the proton flux (left) and the B/C flux ratio (right) in the four

propagation models listed in Tab. 1. The latest data of proton flux from AMS-02 [2] and

PAMELA [29, 30] are shown.

show an overall agreement with the current data in these models. In the “conventional”

model, the predicted B/C ratio is a little higher for the kinetic energy below ⇠ 10 GeV/n,

but are consistent with the B/C data in the higher energies. The predictions for the back-

ground of the p̄/p flux ratio in these models are shown in Fig. 2. The “MIN”, “MED”

and “MAX” models are highly degenerate in the p̄/p ratio. Compared with these models,

the “conventional” model predicts more low energy antiprotons but at high energies above

500, the predicted antiprotons are less. In all the four models, below 10 GeV the GAL-

PROP di↵usive re-acceleration model underpredicts the p̄/p by ⇠ 40%, which is a known

issue. The agreement with the data can be improved by introducing breaks in di↵usion

coe�cients [27], “fresh” nuclei component [28] or DM contribution [3]. Nevertheless, the

background predictions agree with the AMS-02 data well at higher energies in the kinetic

energy range ⇠ 10 � 100 GeV. This remarkable agreement can be turned into stringent

constraints on the DM annihilation cross section for heavy DM particles.

model R(kpc) Z
h

(kpc) D0 ⇢0 �1/�2 V
a

(km/s) ⇢
s

�
p1/�p2

Conventional 20 4.0 5.75 4.0 0.34/0.34 36.0 9.0 1.82/2.36

MIN 20 1.8 3.53 4.0 0.3/0.3 42.7 10.0 1.75/2.44

MED 20 3.2 6.50 4.0 0.29/0.29 44.8 10.0 1.79/2.45

MAX 20 6.0 10.6 4.0 0.29/0.29 43.4 10.0 1.81/2.46

TAB. 1: Parameters in the propagation models “Conventional” [13, 15], “MIN”, “MED”

and “MAX” models from Ref. [26]. D0 is in units of 1028cm2 · s�1, the break rigidities ⇢0
and ⇢

s

are in units of GV.
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FIG. 2: Predictions for the p̄/p ratio from the four propagation models list in Tab. 1.

The data from AMS-02 [2] and PAMELA [29] are shown.

The flux cosmic-ray antiprotons from DM annihilation depend also significantly on the

choice of DM halo profile. N-body simulations suggest a universal form of the DM profile

⇢(r) = ⇢�

✓
r

r�

◆��

✓
1 + (r�/rs)↵

1 + (r/r�)↵

◆(���)/↵

, (7)

where ⇢� ⇡ 0.43 GeV cm�3 is the local DM energy density [31]. The values of the pa-

rameters ↵, �, � and r
s

for the Navarfro-Frenk-White (NFW) profile [32], the isothermal

profile [33] and the Moore profile [34, 35] are summarized in Tab. 2. An other widely

↵ � � r
s

(kpc)

NFW 1.0 3.0 1.0 20

Isothermal 2.0 2.0 0 3.5

Moore 1.5 3.0 1.5 28.0

TAB. 2: Values of parameters ↵, �, � and r
s

for three DM halo models, NFW [32],

Isothermal [33], and Moore [34, 35].

adopted DM profile is the Einasto profile [36]

⇢(r) = ⇢� exp


�
✓

2

↵
E

◆✓
r↵E � r↵E

�
r↵E
s

◆�
, (8)

with ↵
E

⇡ 0.17 and r
s

⇡ 20 kpc.
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Figure 3.6: Anti-proton flux for the final state W+W− with model (a) and (b) in Table. 3.3, for
MAX, MED and MIN diffusion models in Table. 3.1. Together shown are data points of BESS
2000 [112] BESS polar [114] and CAPRICE98 [115].
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Figure 2: The antiproton to proton ratio for MIN (top), MED (middle) and MAX (bot-
tom) 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/sec, 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 sec, 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.
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Figure 2: The antiproton to proton ratio for MIN (top), MED (middle) and MAX (bot-
tom) 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/sec, 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 sec, 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.
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Model R(kpc) L(kpc) K0(kpc2/Myr) δ Vc(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

Table 1: Propagation parameters [9].

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 Vc term represents the
convective wind, which is assumed to be constant and perpendicular to the galactic plane.
The third term represents the annihilation of the antiproton on interstellar protons in the
galactic plane, where h represents the thickness of the galactic plane and Γann(T ) =
(nH + 42/3nHe)σann

pp̄ v(T ) is the annihilation rate. We take h = 0.1 kpc, nH = 1 cm−3,
nHe = 0.07nH, and σann

pp̄ given in Refs. [7, 8],

σann
pp̄ =

{
661(1 + 0.0115T−0.774 − 0.948T 0.0151)mb T < 15.5GeV ,

36T−0.5mb T ≥ 15.5GeV .
(3)

Lastly, Q(T,"r) is the source term of the antiprotons. We adopt the set of propagation
parameters R, L, K0, δ, and Vc 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
〈σv〉

(
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, 〈σv〉 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

ΦDM
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:
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the DM lifetime for the decaying DM case.

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

ΦDM
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:

2

mDM = 0.5, 1, 2, 10TeV mDM = 1, 3, 10, 30TeV

Comparison with AMS-02 data



Wino Dark Matter

Figure 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.
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Figure 1: (a): Constraints on the (MDM-h�vi) plane. The black solid lines show the predicted
annihilation cross sections for the wino and Higgsino. Red solid, blue dashed and green dotted line
show the upper-bounds on the annihilation cross section at 95% C.L. for MIN, MED and MAX
propagation models, respectively. The shaded regions with same color show the best-fitted regions.
The constraint from the Fermi is shown with the orange bands. The yellow vertical shaded region
indicates the wino mass range where the wino thermal relic abundance is the observed dark matter
density. (b): Predicted antiproton to proton ratio with experimental data. The solid (dashed) lines
show the case with (without) the dark matter contributions.

In addition to the antiproton flux, the AMS-02 can also precisely measure other secondary-to-
primary ratios such as boron-to-carbon (B/C), which will lead to very strong constraints on the
cosmic-ray propagation model [47]. This high-precision measurement may reveal the wino dark
matter really account for the AMS-02 “anomaly.”

Several comments are in order. Besides the antiproton to proton ratio, the AMS-02 collabo-
ration has also reported the electron and the positron fluxes as well as the positron fraction with
high accuracy [48–50]. As is well known, these data seem to require some new contributions to the
both fluxes in addition to the standard ones. The annihilation of the wino dark matter without
any astrophysical boost factors unfortunately gives too small contributions to the fluxes when its
mass is O(1)TeV [51], so that the anomalies should be explained by some other source. It can be
an astrophysical activity such as nearby pulsars [52–55]. Another interesting candidate is the decay
of the wino dark matter when it is not absolutely stable due to a slight R-parity violation caused
by the LLEc-type interaction in the superpotential with a lifetime of 1026–1028 sec [56–58]. With
these decays, the wino with a mass of around 3 TeV can explain the observed positron/electron
spectrum. Although these leptonic decays mode does not contribute to the antiproton flux signifi-
cantly, the 3 TeV wino annihilation can automatically provide proper amount of the antiproton flux.
Therefore the decaying wino dark matter can explain the observed antiproton and positron fluxes
simultaneously.
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Figure 6: Wino-proton SI scattering cross section. Blue dashed and red solid lines rep-
resent LO and NLO results, respectively, with corresponding bands show perturbative
uncertainties. Gray band shows uncertainty resulting from the input error. Yellow shaded
area corresponds to the region in which neutrino background overcomes DM signal [32].

than 1%, and thus well controlled compared to the scalar contribution.

3.3 Scattering cross section

Finally, we evaluate the wino-nucleon SI scattering cross section, which is given by

�

N

SI =
4

⇡

✓
Mm

N

M +m

N

◆2

|fN

scalar + f

N

twist2|2 . (3.54)

We plot �p

SI as function of the wino mass in Fig. 6. Additionally we indicate the parameter
region where the neutrino background dominates the the DM-nucleon scattering [32] and
then it becomes hard to detect the DM signal in the DM direct detection experiments (yel-
low shaded). Here we estimate each error by varying the scalar and twist-2 contributions
within their uncertainties evaluated above. The result shows that the large uncertainty in
the LO computation is significantly reduced once the NLO QCD corrections are included,
which is now smaller than that from the input error. In the large DM mass limit, the SI
scattering cross section converges to a constant value,

�

p

SI = 2.3 +0.2
�0.3

+0.5
�0.4 ⇥ 10�47 cm2

, (3.55)

where the first and second terms represent the perturbative and input uncertainties, re-
spectively. As seen from Fig. 6, �p

SI has little dependence on the DM mass; its variation

21

Well above neutrino BG, 
but still challenging.

~2orders of
magnitude below LUX level.

Figure 1: Diagrams for wino-nucleon scattering.

2.3 Wilson coe�cients

Now we evaluate the Wilson coe�cients of the e↵ective operators at the electroweak
scale µ

W

to the NLO in ↵

s

/⇡. We use the MS scheme in the following calculation. The
scattering of a pure neutral wino �

0 with a nucleon is induced via the weak interactions
accompanied by the charged winos �±. The interaction Lagrangian is given by

Lint = g2�
0 /W�

+ + h.c. , (2.13)

where g2 and W

µ

are the SU(2)
L

gauge coupling constant and the W boson, respectively.
Since the winos do not couple to the Higgs field directly and the mass di↵erence �M

between the neutral and charged winos is radiatively generated after the electroweak
symmetry breaking, �M is much smaller than the DM mass itself or other masses which
enter into our computation; according to the recent NLO computation given in Ref. [40],
�M ' 165 MeV. Therefore, we safely neglect it in the following discussion.

Before looking into the details of the calculation, we first summarize the procedure
of the computation as well as the approximations we have used in the calculation. In
Fig. 1, we show the diagrams which induce the couplings of wino DM with quarks and
gluon, respectively [26–29]. These diagrams are classified into two types; one is the
Higgs exchange type like the upper two diagrams and the other is the box diagrams
corresponding to the lower two. We separately discuss each two type.

The Higgs contribution only induces the scalar-type operators. For the NLO-level
calculation, we need to evaluate the two- and three-loop diagrams for the quark and
gluon scalar-type operators, respectively.

For the box-type contribution, on the other hand, the NLO-level calculation requires
us to determine the Wilson coe�cients of the operators m

q

q̄q, ↵s
⇡

G

a

µ⌫

G

aµ⌫ , and Oi

µ⌫

to
O(↵

s

/⇡). We first carry out the OPEs of the correlation function of the electroweak
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Figure 12: Left : Neutrino isoevent contour lines (long dash orange) compared with current limits and regions of interest. The
contours delineate regions in the WIMP-nucleon cross section vs WIMP mass plane which for which dark matter experiments
will see neutrino events (see Sec. IIID). Right : WIMP discovery limit (thick dashed orange) compared with current limits
and regions of interest. The dominant neutrino components for different WIMP mass regions are labeled. Progress beyond
this line would require a combination of better knowledge of the neutrino background, annual modulation, and/or directional
detection. We show 90% confidence exclusion limits from DAMIC [55] (light blue), SIMPLE [56] (purple), COUPP [57] (teal),
ZEPLIN-III [58] (blue), EDELWEISS standard [59] and low-threshold [60] (orange), CDMS II Ge standard [61], low-threshold
[62] and CDMSlite [63] (red), XENON10 S2-only [64] and XENON100 [65] (dark green) and LUX [66] (light green). The filled
regions identify possible signal regions associated with data from CDMS-II Si [1] (light blue, 90% C.L.), CoGeNT [67] (yellow,
90% C.L.), DAMA/LIBRA [68] (tan, 99.7% C.L.), and CRESST [69] (pink, 95.45% C.L.) experiments. The light green shaded
region is the parameter space excluded by the LUX Collaboration.

3. Measurement of annual modulation. In the case of
a 6 GeV/c2 WIMP, next generation experiments
could reach sufficiently high statistics to disen-
tangle the WIMP and the neutrino contributions
using the 6% annual modulation rate of dark mat-
ter interactions [54]. However, in the case of hea-
vier WIMPs, very large and unrealistic exposures
would be required to obtain enough events to detect
such predicted annual modulation for cross sections
around 10−48 cm2. Furthermore, the atmospheric
neutrino event rate also undergoes annual modula-
tion due to the change in temperature of the atmos-
phere throughout the year [50]. A dedicated study
taking into account systematic uncertainties in the
neutrino fluxes and their modulations is required
to assess the feasibility of annual modulation dis-
crimination in light of atmospheric neutrino back-
grounds.

4. Measurement of the nuclear recoil direction as

suggested by upcoming directional detection expe-
riments [51]. Since the main neutrino background
has a solar origin, the directional signal of such
events is expected to be drastically different than
the WIMP-induced ones [52, 53]. This way, a
better discrimination between WIMP and neutrino
events will enhance the WIMP detection signifi-
cance allowing us to get stronger discovery limits.
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can reach ∼ 10−22 cm3/s for ε ∼ O(10−5) because of the Breit-Wigner enhancement. In

this case, the coupling λ4 " 3× 10−3. As shown below, such a cross section is desirable for

rendering the correct excess in the positron flux.

Again, using the micrOMEGAs 4.1.5 package [43], we compute the positron and antipro-

ton fluxes resulting from the decays of the charged Higgs bosons in the DM annihilation

final states. For the dark matter density profile, we take the NFW model with a local halo

density of 0.3 GeV/cm3, a core radius of 20 kpc, and the distance from our solar system to

the galactic center as 8.5 kpc [44]. For charged particle propagation through the space, we

consider the three schemes MIN, MED, and MAX defined in Ref. [45] to have the minimum,

medium, and maximum charged particle flux, respectively. The background for positron

flux is provided by a fitting function given in Refs. [46, 47]. The background for antiproton

flux is estimated by combining AMS proton flux data and the flux ratio Φp̄/Φp estimated in

Ref. [27].
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FIG. 2: Spectra of the positron flux (left) and the ratio of antiproton-to-proton fluxes (right) in

comparison with those observed by AMS-02 from cosmic rays, drawn in thick curves. Red solid

curves are used for MIN, dashed green curves for MED, and dash-dotted blue curves for MAX.

Also indicated are the values of ε in the left plot and v∆ in the right plot. The background in

the left plot is given by the purple dotted curve, and those in the right plot are given by the thin

curves.
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TABLE I. Properties of Milky Way dSphs.

Name `

a

b

a Distance log
10

(J
obs

)b Ref.

(deg) (deg) (kpc) (log
10

[ GeV2 cm�5])

Bootes I 358.1 69.6 66 18.8 ± 0.22 [39]

Canes Venatici II 113.6 82.7 160 17.9 ± 0.25 [40]

Carina 260.1 �22.2 105 18.1 ± 0.23 [41]

Coma Berenices 241.9 83.6 44 19.0 ± 0.25 [40]

Draco 86.4 34.7 76 18.8 ± 0.16 [42]

Fornax 237.1 �65.7 147 18.2 ± 0.21 [41]

Hercules 28.7 36.9 132 18.1 ± 0.25 [40]

Leo II 220.2 67.2 233 17.6 ± 0.18 [43]

Leo IV 265.4 56.5 154 17.9 ± 0.28 [40]

Sculptor 287.5 �83.2 86 18.6 ± 0.18 [41]

Segue 1 220.5 50.4 23 19.5 ± 0.29 [44]

Sextans 243.5 42.3 86 18.4 ± 0.27 [41]

Ursa Major II 152.5 37.4 32 19.3 ± 0.28 [40]

Ursa Minor 105.0 44.8 76 18.8 ± 0.19 [42]

Willman 1 158.6 56.8 38 19.1 ± 0.31 [45]

Bootes II c 353.7 68.9 42 – –

Bootes III 35.4 75.4 47 – –

Canes Venatici I 74.3 79.8 218 17.7 ± 0.26 [40]

Canis Major 240.0 �8.0 7 – –

Leo I 226.0 49.1 254 17.7 ± 0.18 [46]

Leo V 261.9 58.5 178 – –

Pisces II 79.2 �47.1 182 – –

Sagittarius 5.6 �14.2 26 – –

Segue 2 149.4 �38.1 35 – –

Ursa Major I 159.4 54.4 97 18.3 ± 0.24 [40]

a Galactic longitude and latitude.
b J-factors are calculated assuming an NFW density profile and

integrated over a circular region with a solid angle of
�⌦ ⇠ 2.4 ⇥ 10�4 sr (angular radius of 0.5�).

c dSphs below the horizontal line are not included in the
combined analysis.

Foundation, the Swedish Research Council and the Na-
tional Space Board (Sweden). Science analysis support
in the operations phase from INAF (Italy) and CNES
(France) is also gratefully acknowledged.

⇤ brandon.anderson@fysik.su.se
† kadrlica@fnal.gov
‡ mdwood@slac.stanford.edu

[1] R. Adam et al. (Planck Collaboration), (2015),
arXiv:1502.01582 [astro-ph.CO].

[2] G. Jungman, M. Kamionkowski, and K. Griest,
Phys. Rep. 267, 195 (1996), arXiv:hep-ph/9506380 [hep-
ph].

[3] L. Bergstrom, Rept. Prog. Phys. 63, 793 (2000),
arXiv:hep-ph/0002126 [hep-ph].

[4] G. Bertone, D. Hooper, and J. Silk, Phys. Rep. 405, 279
(2005), arXiv:hep-ph/0404175 [hep-ph].

[5] G. Steigman, B. Dasgupta, and J. F. Beacom, Phys.
Rev. D 86, 023506 (2012), arXiv:1204.3622 [hep-ph].

[6] M. Mateo, Annu. Rev. Astron. Astrophys. 36, 435 (1998),
arXiv:astro-ph/9810070 [astro-ph].

[7] A. W. McConnachie, Astron.J. 144, 4 (2012),
arXiv:1204.1562 [astro-ph.CO].

[8] G. D. Martinez, (2013), arXiv:1309.2641 [astro-ph.GA].
[9] A. Geringer-Sameth, S. M. Koushiappas, and M. Walker,

(2014), arXiv:1408.0002 [astro-ph.CO].
[10] M. Ackermann et al. (Fermi-LAT Collaboration), Phys.

Rev. Lett. 107, 241302 (2011), arXiv:1108.3546 [astro-
ph.HE].

[11] A. Geringer-Sameth and S. M. Koushiappas, Phys. Rev.
Lett. 107, 241303 (2011), arXiv:1108.2914 [astro-ph.CO].

[12] M. N. Mazziotta, F. Loparco, F. de Palma, and N. Gigli-
etto, Astropart. 37, 26 (2012), arXiv:1203.6731 [astro-
ph.IM].

[13] M. Ackermann et al. (Fermi-LAT Collaboration), Phys.
Rev. D 89, 042001 (2014), arXiv:1310.0828 [astro-
ph.HE].

[14] A. Geringer-Sameth, S. M. Koushiappas, and M. G.
Walker, (2014), arXiv:1410.2242 [astro-ph.CO].

[15] B. Anderson, J. Chiang, J. Cohen-Tanugi, J. Conrad,
A. Drlica-Wagner, M. Llena Garde, and Stephan Zimmer
for the Fermi-LAT Collaboration, ArXiv e-prints (2015),
arXiv:1502.03081 [astro-ph.HE].

[16] T. Daylan, D. P. Finkbeiner, D. Hooper, T. Linden,
S. K. N. Portillo, et al., (2014), arXiv:1402.6703 [astro-
ph.HE].

[17] C. Gordon and O. Macias, Phys. Rev. D 88, 083521
(2013), arXiv:1306.5725 [astro-ph.HE].

[18] K. N. Abazajian, N. Canac, S. Horiuchi, and M. Kapling-
hat, Phys. Rev. D 90, 023526 (2014), arXiv:1402.4090
[astro-ph.HE].

[19] F. Calore, I. Cholis, and C. Weniger, (2014),
arXiv:1409.0042 [astro-ph.CO].

[20] W. Atwood et al. (Fermi-LAT Collaboration), 2012
Fermi Symposium Proceedings, eConf C121028 (2013),
arXiv:1303.3514 [astro-ph.IM].

[21] M. Ackermann et al. (The Fermi-LAT Collaboration),
(2015), arXiv:1501.02003 [astro-ph.HE].

[22] See Supplemental Material for more details.
[23] M. G. Walker, (2012), arXiv:1205.0311 [astro-ph.CO].
[24] G. Battaglia, A. Helmi, and M. Breddels, New Astron.

Rev. 57, 52 (2013), arXiv:1305.5965 [astro-ph.CO].
[25] L. E. Strigari, Phys. Rep. , 1 (2013), arXiv:1211.7090

[astro-ph.CO].
[26] M. G. Walker, M. Mateo, E. W. Olszewski, J. Penar-

rubia, N. Evans, et al., Astrophys. J. 704, 1274 (2009),
arXiv:0906.0341 [astro-ph.CO].

[27] J. Wolf, G. D. Martinez, J. S. Bullock, M. Kaplinghat,
M. Geha, et al., Mon. Not. R. Astron. Soc. 406, 1220
(2010), arXiv:0908.2995 [astro-ph.CO].

[28] G. D. Martinez, J. S. Bullock, M. Kaplinghat, L. E. Stri-
gari, and R. Trotta, J. Cosmol. Astropart. Phys. 0906,
014 (2009), arXiv:0902.4715 [astro-ph.HE].

[29] J. F. Navarro, C. S. Frenk, and S. D. White, Astrophys.
J. 490, 493 (1997), arXiv:astro-ph/9611107 [astro-ph].

[30] T. E. Jeltema and S. Profumo, J. Cosmol. Astropart.
Phys. 0811, 003 (2008), arXiv:0808.2641 [astro-ph].
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today in regions of high DM density and result in the
production of energetic Standard Model particles. The
large mass of the WIMP (mDM) permits the production
of gamma rays observable by the Fermi Large Area Tele-
scope (LAT), which is sensitive to energies ranging from
20 MeV to > 300 GeV.

Kinematic data indicate that the dwarf spheroidal
satellite galaxies (dSphs) of the Milky Way contain a
substantial DM component [6, 7]. The gamma-ray signal
flux at the LAT, �

s

( ph cm�2 s�1), expected from the
annihilation of DM with a density distribution ⇢DM(r) is
given by

�
s

(�⌦) =
1

4⇡

h�vi
2m2

DM

Z
E

max

E

min

dN
�

dE
�

dE
�

| {z }
particle physics

⇥
Z

�⌦

Z

l.o.s.

⇢2
DM(r)dld⌦0

| {z }
J�factor

.

(1)

Here, the first term is dependent on the particle physics
properties — i.e., the thermally-averaged annihilation
cross section, h�vi, the particle mass, mDM, and the
di↵erential gamma-ray yield per annihilation, dN

�

/dE
�

,
integrated over the experimental energy range.1 The
second term, known as the J-factor, is the line-of-sight
(l.o.s.) integral through the DM distribution integrated
over a solid angle, �⌦.

Milky Way dSphs can give rise to J-factors in excess of
1019 GeV2 cm�5 [8, 9], which, coupled with their lack of
non-thermal astrophysical processes, makes them good
targets for DM searches via gamma rays. Gamma-ray
searches for dSphs yield some of the most stringent con-
straints on h�vi, particularly when multiple dSphs are
analyzed together using a joint likelihood technique [10–
15]. Limits on h�vi derived from observations of dSphs
have begun to probe the low-mDM parameter space for
which the WIMP abundance matches the observed DM
relic density.

In contrast, DM searches in the Galactic center take
advantage of a J-factor that is O(100) times larger, al-
though gamma-ray emission from non-thermal processes
makes a bright, structured background. Several stud-
ies of the Galactic center interpret an excess of gamma
rays with respect to modeled astrophysical backgrounds
as a signal of 20 to 50 GeV WIMPs annihilating via the
bb̄ channel [16–19]. Coincidentally, the largest deviation
from expected background in some previous studies of

1 Strictly speaking, the di↵erential yield per annihilation in Equa-
tion (1) is a sum of di↵erential yields into specific final states:

dN�/dE� =
P

f Bf dNf
� /dE� , where Bf is the branching frac-

tion into final state f . Here, we make use of Equation (1) in the
context of single final states only.

dSphs occurred for a similar set of WIMP characteris-
tics; however, this deviation was not statistically signifi-
cant [13].

Using a new LAT event-level analysis, known as
Pass 8, we re-examine the sample of 25 Milky Way
dSphs from Ackermann et al. [13] using six years of
LAT data. The Pass 8 data benefits from an improved
point-spread function (PSF), e↵ective area, and energy
reach. More accurate Monte Carlo simulations of the
detector and the environment in low-earth orbit have
reduced the systematic uncertainty in the LAT instru-
ment response functions (IRFs) [20]. Within the stan-
dard photon classes, Pass 8 o↵ers event types, subdivi-
sions based on event-by-event uncertainties in the direc-
tional and energy measurements, which can increase the
sensitivity of likelihood-based analyses. In this work we
use a set of four PSF event-type selections that sub-
divide the events in our data sample according to the
quality of their directional reconstruction. In addition
to the improvements from Pass 8, we employ the up-
dated third LAT source catalog (3FGL), based on four
years of Pass 7 Reprocessed data, to model point-like
background sources [21]. Together, these improvements,
along with an additional two years of data taking, lead
to a predicted increase in sensitivity of 70% relative to
the four-year analysis of Ackermann et al. [13] for the bb̄
channel at 100 GeV. More details on Pass 8 and other
aspects of this analysis can be found in Supplemental
Material [22].

LAT DATA SELECTION

We examine six years of LAT data (2008-08-04 to 2014-
08-05) selecting Pass 8 SOURCE-class events in the en-
ergy range between 500 MeV and 500GeV. We selected
the 500 MeV lower limit to mitigate the impact of leakage
from the bright limb of the Earth because the PSF broad-
ens considerably below that energy. To further avoid
contamination from terrestrial gamma rays, events with
zenith angles larger than 100� are rejected. We also re-
move time intervals around bright GRBs and solar flares
following the prescription used for the 3FGL catalog. We
extract from this data set 10�⇥10� square regions of in-
terest (ROIs) in Galactic coordinates centered at the po-
sition of each dSph specified in Table I.

At a given energy, 20%–30% of the events classified as
photons in our six-year Pass 8 data set are shared with
the analysis of Ackermann et al. [13]. The low fraction of
shared events can be attributed to the larger time range
used for the present analysis (four versus six years), the
increase in gamma-ray acceptance of the P8R2 SOURCE
event class relative to P7REP CLEAN, and the migra-
tion of individual events across the class selection bound-
aries caused by slight changes in the reconstructed energy
and direction. Due to the relatively small overlap of the

Gamma-rays from
dwarf Spheroidals (dSph)
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Figure 3. 95% credible lower limits on dark matter lifetime ⌧dm as function of dark matter mass mdm,
for decay channels: (a) ⌫eµ�µ+ (⌫̄eµ+µ�) and ⌫µe

�µ+ (⌫̄µe+µ�), (b) µ+µ�, (c) ⌧+⌧�, (d)W±µ⌥, (e)
uds (ūd̄s̄), (f) bb̄. Astrophysical background models with Normal priors are adopted (Table 1). Thick
solid, dashed, and dotted curves correspond to the EGRB data with di↵erent foreground modeling
discussed in Ref. [24] (their models A, B, and C, respectively). Thin solid curve shows the lower limits
obtained with the 10-month Fermi-LAT data [34] and the phenomenological power-law background
modeling.

for (c)–(f), where they give stronger constraints; this is likely caused by interplay between
di↵erent choices of priors and the data (the total EGRB data for the Normal priors, while
the unresolved EGRB data for the Flat priors).

In order to compare our results with the previous ones in the literature (e.g., Ref. [32]),
we also computed the lifetime constraints by using the 10-month Fermi-LAT data [34]. Here
we modeled the other background component as a single power law (Table 2), and the re-
sults are shown as a thin curve in each panel of Figs. 3,4 and 5 for reference. Although the
statistics adopted here is di↵erent than that in Ref. [32] (Beyesian versus frequentist), our
results are in good agreement with theirs, proving the consistency of both the approaches.8

In Fig. 5, we show results by using the phenomenological cuto↵ power-law model as the astro-
physical component. Again, this is just for reference purpose, since such a single-component
astrophysical modeling is no longer valid.

8The result for ⌧+⌧� in high mass region is di↵erent from Ref. [32]. This is because they used both
published and preliminary data for E� > 100 GeV (at that time) while we use the published 10-month data
only. In ⌧+⌧� case, gamma-ray spectrum from cascade decay is hard and the peak of the intensity is out of
data region when mdm & TeV. Then the constraint becomes weaker.
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well within the region allowed by observation [36], and the wino in a cuto↵-NFW profile

(but not Burkert) is consistent with simulation, as well.

The observation of wino dark matter near the thermal relic mass of 3 TeV would point to

the existence of a nontrivial amount of coring in the halo of the galaxy which would require

an explanation. Of course, there are other possible ways to evade the HESS constraints,

even if the profile were nearly NFW. There is the possibility that the lightest neutralino

may not be a pure wino. For example, a thermal relic higgsino is far from constrained, and

thus admixtures between these states could certainly be allowed [4]. Sticking with the pure

wino, if there were some non-thermal mechanism for its production, then the limit at values

other than 3 TeV would be relevant, and M� could be in one of the allowed regions shown

in Fig. 7.

FIG. 8. Exclusion plot for an NFW profile with the wino making up only some fraction of the dark

matter. Expression for NFW profile with coring given in Eq. 52.

Alternatively, whether or not its production were thermal, the wino could make up just

a fraction of the dark matter, and thus much of parameter space would remain open, as

shown in Fig. 8. With the theoretical uncertainty on its annihilation rate now under control

at the O(1%) level,10 the discovery of a wino at future indirect detection experiments, such

as CTA [42], could give us important windows into further open questions such as the halo

10 It would be an interesting exercise to extend this analysis to NLL. We have computed the running of our

Wilson coe�cients from the one-loop cusp anomalous dimensions. One would also need one-loop non-

cusp, two-loop cusp, and the �-function running of ↵W . These were included in the exclusive-observable

calculations of [23, 24]. Additionally, the one-loop running of our fragmentation functions, Eq. 12, is

needed.
25

Constraint on Wino DM from HESS 
gamma-ray line search
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Summary

• AMS-02 reported excess of Anti-Proton flux

• It can be explained astrophysical sources

• It can also be explained Dark Matter 
annihilation/decay

• Wino Dark Matter is a good candidate



Figure 7. Aggressive (upper panels) and conservative (lower panels) limits on the DM annihilation
cross section at 90% C.L. with through-going events after 10 years of data taking in a 1 km

3 neutrino
telescope, for the combination I for the enhancement factor (solid lines). Left panels: Annihilations
into ⌫⌫̄ (black solid lines) and into b¯b (red solid lines). Right panels: Annihilations into µ+µ� (black
solid lines) and into W+W� (red solid lines). We also show the IC-79 90% C.L. limits after 320 days
of data (black and red dotted lines) [63] from the galactic center and, on the right panels, shown as
well are the ANTARES 90% C.L. limits for DM annihilations into ⌧+⌧� from the Milky Way center
after about 1300 days of data (blue dotted lines) [64, 65]. The unitarity limit [185, 186] is shown as
a double-dot-dashed line.
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FIG. 4: The same as Fig. 3, but for DM annihilation into W+W� final states.

using the frequentist �2-analyses. The expression of �2 is defined as

�2 =
X

i

(f th
i

� f exp
i

)2

�2
i

, (9)

where f th
i

are the theoretical predictions. f exp
i

and �
i

are the central values and errors of

experimental data, respectively. The index i runs over all the available data points. For a

given DM particle mass, we first calculate the minimal value �2
min of the �2-function, and

then derive the 95% CL upper limits on the annihilation cross section, corresponding to

��2 = 3.84. All of the 30 data points of the AMS-02 p̄/p data are included in calculating

the limits.

In Fig. 3, we show the obtained upper limits on the cross sections for DM particle

annihilation into bb̄ final states from the AMS-02 p̄/p data in the “conventional”, “MED”,

“MIN” and “MAX” propagation models. Four di↵erent DM profiles NFW [32], Isother-

mal [33], Einasto [36] and Moore [34, 35] are considered. As can be seen, the upper limits

as a function of m
�

show some smooth structure for all the final states and DM profiles.

The limits tend to be relatively stronger at m
�

⇡ 300 GeV, which is related to the fact

that the background predictions agree with the data well at the antiproton energy range

⇠ 20�100 GeV. For a comparison the upper limits from the Fermi-LAT 6-year gamma-ray

8
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