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1. Introduction



Evidences for dark matter (DM)

• Rotation curve of galaxies

• Bullet cluster

• Cosmic microwave background (CMB)

It is confirmed that the DM exists!

Corbelli, Salucci ’00 Markevitch et al. ’04
Clowe et al.’04

Planck ’13



• Rotation curve of galaxies

• Bullet cluster

• Cosmic microwave background (CMB)

However, there’s no candidate for DM in the 
standard model (SM) of particle physics

Evidences for dark matter (DM)

Corbelli, Salucci ’00 Markevitch et al. ’04
Clowe et al.’04

Planck ’13



To be consistent the observations, DM has to be

• Electronically neutral

• Non-relativistic

• Stable or sufficiently long-lived
• Non-baryonic

• Its energy density should agree with the CMB observations



To be consistent the observations, DM has to be

• Electronically neutral

• Non-relativistic

• Stable or sufficiently long-lived
• Non-baryonic

• Its energy density should agree with the CMB observations

How heavy?



A rough sketch of particle DM candidates
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To be consistent the observations, DM has to be

• Electronically neutral

• Non-relativistic

• Stable or sufficiently long-lived
• Non-baryonic

• Its energy density should agree with the CMB observation

Stable or unstable?

Unknown



Stable or unstable?

How heavy?

Unknown

Almost unknown

Cosmic rays can be a probe for the questions
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Figure 3. Lower limits on dark matter lifetime for leptonic channels due to cross correlation between
the gamma-ray background and five galaxy catalogs. In this analysis, only dark matter component
is included. IC scattering o↵ both the EBL and CMB photons are included in solid, only CMB in
dashed, and no IC e↵ect is included in dotted.

also related past works [43, 44].) We note that our results for no-IC case well agree with
those of ref. [16].

Let us see the scenarios motivated to explain the AMS-02 positron excess. As discussed
in Sec. 2.1, three-body leptonic decay gives a good fit to explain the positron excess. The nu-
merical results for ‘LiLjE

c
k’ in Figs. 3 and 4 correspond to the final state ⌫ie

±
j e

⌥
k &⌫je

±
i e

⌥
k . It

is seen that ⌧dm . 1027 s is excluded for mdm & 1 TeV in cases of L1L2E
c
1
and L1L2E

c
2
. These

constraints exclude part of preferred region to explain the positron excess [22]. Similarly, the
preferred parameter spaces are partly excluded for L1L2E

c
3
and L3L2E

c
3
.

We have drawn a similar conclusion for the scenario to explain the AMS-02 anti-proton
excess, i.e., the preferred region in W

±
µ
⌥ scenario [20] is partly excluded. It is well-known

that there is a huge uncertainty in the calculation of cosmic-ray (anti-)protons. This uncer-
tainty can be estimated by considering three propagation models, MIN, MED and MAX [45].
Reading from the result in ref. [20], one can explain the excess while satisfying the present
constraint if MAX or MED models for (anti-)proton propagation are adopted. It will be

– 11 –

Figure 6. Upper limit on dark matter annihilation cross section h�vi at 95% confidence level due to
cross correlation between the gamma-ray background and five galaxy catalogs. In this analysis, only
dark matter component is included. IC scattering o↵ both the EBL and CMB photons are included
in solid, only CMB in dashed, and no IC e↵ect is included in dotted. ‘Thermal WIMP’ line shows
canonical value of the cross section which is suggested in thermal WIMP scenario.

– 15 –

Ando, KI ’16

Decaying DM Annihilating DM
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Past works on heavy decaying DM:

But no comprehensive analysis

Cohen, Murase, Rodd, Safdi, Soreq ’17

Aloisio, Matarrese, Olinto ’15

Kalashev, Kuznetsov ’16

Kachelriess, Kalashev, Kuznetsov ’18

Esmaili, Ibarra, Peres ’12

Murase, Beacom ’12

Murase, Laha, Ando, Ahlers ’15

Ahlers, Murase ’14

Sui, Bhupal Dev ’18



In our study

We simulate cosmic-ray (CR) !  from heavy 
decaying DM (! ) in both

p, p̄, e±, γ, ν , ν̄
10 TeV ≤ mdm ≤ 1016 GeV

• Galactic 

• Extragalactic

regions and discuss the detectability of the signals with multi-
messenger astrophysical data



2. CRs from heavy decaying DM
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Figure 1: DM annihilation/decay initially produces a hard positron-electron pair. The spectrum

of the hard objects is altered by electroweak virtual corrections (green photon line) and real Z

emission. The Z decays hadronically through a qq̄ pair and produces a great number of much

softer objects, among which an antiproton and two pions; the latter cascade decay to softer �s

and leptons.

are not present in QED and QCD and this e↵ect has been baptized “Bloch-Nordsieck Theorem

Violation” [14]. We refer the reader to the relevant literature [14, 15, 16] for details. In the case

at hand, since the initial DM particles are nonrelativistic, radiation related to the initial legs

does not produce log-enhanced terms. Therefore, we only need to examine soft EW radiation

related to the final state particles.

The hard scale in the case we examine here is provided by the DM massM >
⇠ 1 TeV while the

soft scale is the typical energy where the spectra of the final products of DM decay/annihilation

are measured, E <
⇠ 100 GeV. Even bearing in mind that weak interactions are not so weak

at the TeV scale, one might wonder whether such “strong” electroweak e↵ects are relevant

for measurements with uncertainties very far from the precision reachable by ground-based

experiments at colliders. In this context, and in view of our ignorance about the physics

responsible for DM cross sections, it might seem that even a O(30)% relative e↵ect should

have a minor impact. This is by no means the case: including electroweak corrections has a

huge impact on the measured energy spectra from DM decay/annihilation. There are two basic

reasons for this rather surprising result.

• In the first place, since energy is conserved, but the total number of particles is not,

because of electroweak radiation a small number of highly energetic particles is converted

into a great number of low energy particles, thus enhancing the low energy (<⇠ 100 GeV)

part of the spectrum, which is the one of relevance from the experimental point of view.

5

Fig. from Ciafaloni, Comelli, Riotto, Sala, Strumia, Urbano ’11

You can “find” variety of particles in a single particle, which can be 
described by Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) Eqs.

In the decay product of heavy DM (! ), QCD and 
electroweak (EW) cascades happen

mdm ≳ 10 TeV

Bahr et al.  ’08
Bellm et al.  ’15

Birkel, Sarkar ’98
Sarkar, Toldra ’02

Aloisio, Berezinsky, Kachelriess ’02
Berezinsky, Kachelriess ’01

Barbot, Drees ’02, ’03



In the present work, we focus on !  final statebb̄

1. Solve DGLAP Eqs. to derive the fragmentation functions of the 
hadrons !  , !  

2. Simulate the decays of the hadrons by Pythia to give the 
distributions of stable particles ! , !

h Dh
b

I fI
h

dNI

dz
= 2

X

h

Z 1

z

dy

y
Dh

b (y,m
2
dm)f

I
h(z/y)
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!h = π±, π0, K±, K0, K̄0, n, n̄, p, p̄

!I = e±, γ, p, p̄, ν, ν̄

Hirai, Kumano, Nagai, Sudoh ’07
Hirai, Kumano ’12

Albino, Kniehl, Kramer ’05
Kretzer ’00

Kniehl, Kramer, Potter ’00
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Photo-pion production, !N + γBG → N + π
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Pair production, !γ + γBG → e+ + e−

Inverse Compton scattering, !e + γBG → e + γ



3. Numerical results
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Figure 6. CR � spectra from decaying DM particles into the b̄b channel. See text for descriptions
of the modelling assumptions. Components shown in each panel follow the same conventions as in
Fig. 3. Shown are DM masses of mdm = 106 and 108 GeV. Photon spectral measurements are taken
from Fermi-LAT [20] and PAO [37].
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from Fermi-LAT [20] and PAO [37].
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Figure 6. CR � spectra from decaying DM particles into the b̄b channel. See text for descriptions
of the modelling assumptions. Components shown in each panel follow the same conventions as in
Fig. 3. Shown are DM masses of mdm = 106 and 108 GeV. Photon spectral measurements are taken
from Fermi-LAT [20] and PAO [37].
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Figure 6. CR � spectra from decaying DM particles into the b̄b channel. See text for descriptions
of the modelling assumptions. Components shown in each panel follow the same conventions as in
Fig. 3. Shown are DM masses of mdm = 106 and 108 GeV. Photon spectral measurements are taken
from Fermi-LAT [20] and PAO [37].
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Figure 7. Integrated � fluxes. Modelling parameters are taken to be the same as in Fig. 6. Upper
bounds from the observations are given by CASA-MIA [26], KASCADE, KASCADE-Grande [25],
PAO [30, 31] and TA [34].
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Figure 8. ⌫ + ⌫̄ fluxes. Modelling parameters are taken to be the same as in Fig. 3. The spectrum
obtained from propagation in the Galactic region (yellow solid) is plotted in addition to the total
spectrum (red dot-dashed). Data points are from IceCube [35], and the others are upper bounds by
IceCube [36], PAO [37], and ANITA [38].
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Figure 8. ⌫ + ⌫̄ fluxes. Modelling parameters are taken to be the same as in Fig. 3. The spectrum
obtained from propagation in the Galactic region (yellow solid) is plotted in addition to the total
spectrum (red dot-dashed). Data points are from IceCube [35], and the others are upper bounds by
IceCube [36], PAO [37], and ANITA [38].
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Constraints on DM lifetime (extragalactic)



Constraints on DM lifetime (extragalactic)

Fermi-LAT gives constrains 
in wide range of !mdm

IceCube gives a more stringent  bound 
in !106 GeV ≲ mdm ≲ 1011 GeV



Constraints on DM lifetime (extragalactic)

PAO gives comparable bound in 
!mdm ≳ 1012 GeV



Constraints on DM lifetime (Galactic)



Fermi-LAT: !mdm ≲ 106 GeV KASCADE-Grande: 
!108 GeV ≲ mdm ≲ 1010 GeV

PAO: !1010 GeV ≲ mdm

All !  observations!γ

Constraints on DM lifetime (Galactic)



AMS-02 !  gives 
much weaker 
constraints

p̄

Constraints on DM lifetime (Galactic)

PAO gives 
much weaker 
constraints



Figure 9. Conservative strong limits on the dark matter lifetime ⌧dm obtained in this work. The limits
are separated according to the region in which the DM CRs were originated (left panel corresponds
to the Galactic and right panel to extragalactic region). Shaded areas show regions of the parameter
space that are excluded by the CR data sets shown in the labels.

process is so e↵ective that photons with these energies lose most of their energy producing
lower energy � and e±. This explains how even for very high DM masses a fair amount of
photons with energies of MeV to TeV exist. We note that this fact makes it possible to
constrain decaying DM particles of very high masses using Fermi-LAT observations. Fur-
thermore, as can be seen specially in the bottom row of Fig. 6, � with energies larger than
1011GeV also survive. Consequently, the CR fluxes observed by PAO and TA can be used
to constrain such � fluxes.

Figure 7 shows the integrated gamma flux. In this energy range, the flux is dominated
by Galactic contributions. It is seen that the lifetime of DM is expected to be constrained by
CASA-MIA, KASCADE, and KASCADE-Grande for mdm & 109GeV and by TA and PAO
for mdm & 1012GeV.

Finally ⌫ + ⌫̄ fluxes are displayed in Fig. 8. Here the Galactic contributions are shown
separately. As can be seen, the Galactic component is subdominant compared to the extra-
galactic one. As what happened in the photon channel, neutrino fluxes in the extragalactic
region are composed of two components; prompt neutrinos from DM and secondary ones
resulting from photo-hadronic processes. We find that the secondary neutrinos contribute
much less than the prompt component. We see that the prompt component starts to surpass
observed flux or the upper bounds for DM masses of 106GeV . mdm . 1012GeV. As such,
this observations (upper limits) can be used to constrain the DM lifetime in this mass range.

3.2 Constraints on dark matter lifetime

Using the observational data and our flux predictions, we set conservative and robust con-
straints on the DM lifetime as a function of its mass. Figure 9 shows the main results of
our study. To demonstrate the impact of the Galactic and extragalactic CRs from DM, we
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4. Conclusion
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Propagation of CR nuclei

Here E (ϵ) is the proton (photon) energy and the proton and
neutral pion masses aremp andmπ0 , respectively. The CMB
photon density is given by n(ϵ) in units of cm−3 eV−1 and
the photoproduction cross section, σpγ(s), is taken from the
parametrization implemented in SOPHIA.
The mean energy loss distance xloss(E), shown in Fig. 1a

as triple-dot-dashed curve, is calculated as

xloss(E) =
E

dE/dx
=

λ(E)

κ(E)
(5)

with κ(E) being the mean inelasticity

κ(E) =
⟨∆E⟩
E

. (6)

The mean energy loss of the nucleon due to the hadron pro-
duction, ⟨∆E⟩, has been calculated by simulating 104 inter-
actions for each given proton energy, resulting in a statistical
error of the order of 1%. For E > 1020 eV losses through
photomeson production dominate with a loss distance of about
15Mpc at E ≥ 8× 1020 eV. Below this energy, Bethe-Heitler
pair production and adiabatic losses due to the cosmological
expansion in the Hubble flow determine the proton energy
losses.
Both the photoproduction interaction and the pair produc-

tion are characterized by strongly energy dependent cross sec-
tions and threshold effects. Fig. 1a shows λph decreasing
by more than three orders of magnitude for a proton energy
increasing by a factor of three. After the minimum λph is
reached, the proton energy loss distance is approximately con-
stant. It is worth noting that the threshold region of λph is very
important for the shape of the propagated proton spectrum. As
pointed out by Berezinsky & Grigoreva [8], a pile–up of pro-
tons will be formed at the intersection of the photoproduction
and pair production energy loss distances. Another, smaller
pile–up will develop at the intersection of the pair production
and adiabatic loss functions.
In the current calculation we treat pair production as a con-

tinuous loss process which is justified considering its small
inelasticity of 2me/mp ≈ 10−3 (with me,mp being the
electron and proton masses, respectively) compared to pion-
photoproduction (κ ≈ 0.2 − 0.5). We use the analytical fit
functions given by Chodorowsky et al. [28] to calculate the
mean energy loss distance for Bethe-Heitler pair production.
This result is in excellent agreement with results obtained by
simulating this process via Monte Carlo as done by Protheroe
& Johnson [12].
The turning point from pion production loss dominance to

pair production loss dominance lies at E ≈ 6× 1019 eV, with
a mean energy loss distance of ≈ 1 Gpc. The minimum of
the pair production loss length is reached at E ≈ (2 − 4) ×
1019 eV. For E ≤ (2 − 3) × 1018 eV continuous losses due
to the expansion of the universe dominate. For an Einstein-de
Sitter (flat, matter-dominated) universe as considered here, the
cosmological energy loss distance scales with redshift z as

xloss,ad(E, z) =
c

H0
(1 + z)−3/2 ≈ 4000 Mpc (1 + z)−3/2,

(7)

FIG. 1. a) Mean energy loss length due to adiabatic expan-
sion (upper dotted curve), Bethe-Heitler pair production (dash-dotted
curve), hadron production (triple-dot-dashed curve). Also shown are
the hadron interaction length (dashed curve) and the neutron decay
length (lower dotted curve). The solid line shows the total xloss.
b) Ratio of mean energy loss length as calculated in Refs. [8] (dot-
ted), [10] (long-dashed), [9] (short-dashed), [12] (dash-dotted), [13]
(dashed-dot-dot-dot), and [25] (thin solid) to the loss length of the
present work presented in the upper panel.

for a Hubble constant of H0 = 75 km/s/Mpc, which we
use throughout this paper. All other energy loss distances,
xloss,BH for Bethe-Heitler pair production and xloss,ph for
photomeson production, scale as

xloss(E, z) = (1 + z)−3xloss[(1 + z)E, z = 0] . (8)

We also show the mean decay distance of∼ 9×10−9γn kpc
for neutrons, where γn is the Lorentz factor of the neutron.
Obviously, neutrons of energy below 1021 eV tend to decay,
whereas at higher energies neutrons tend to interact.
Since the details of the proton energy loss directly affect the

proton spectra after propagation, we present the ratio of the
loss distance in previous calculations to that of our work on a
linear scale in Fig. 1b. Generally all values of the energy loss
distance are in a good qualitative agreement. Rachen & Bier-
mann [10] treat both Bethe-Heitler and pion production losses
very similarly to our work except for the threshold region of
pion production. In the pair production region our work is
also in perfect agreement with Protheroe & Johnson [12]. An
overestimate of the loss distance due to pion production of
∼ 10 − 20% in Ref. [12], however, will result in a small
shift of the GZK cutoff to higher energies in comparison to the
present calculations. Berezinsky & Grigoreva [8] used a very
good approximation for the pion production losses, but under-
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• Pair production (PP)

• Double pair production (DPP)

• Triple pair production (TPP)

• Inverse Compton scattering (ICS)

e+ �BG ! e+ e+ + e�

� + �BG ! e+ + e�

� + �BG ! e+ + e� + e+ + e�

e+ �BG ! e+ �

Figure 5: Interaction lengths for cosmic-ray photons (left) and electrons (right) interacting with cosmic photon backgrounds.
The relevant processes are pair production (PP, black solid line) and double pair production (DPP, black dashed line) for
photons, and triplet pair production (TPP, black solid line) and inverse Compton scattering (ICS, black dashed line) for
electrons. Colored lines show the contribution of the individual photon fields, IRB (blue, Gilmore model [41]), CMB (green)
and radio background (red, Protheroe model [43]). In addition, the energy loss length of synchrotron radiation is indicated for
three magnetic field strengths (gray dotted lines).
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Figure 5: Interaction lengths for cosmic-ray photons (left) and electrons (right) interacting with cosmic photon backgrounds.
The relevant processes are pair production (PP, black solid line) and double pair production (DPP, black dashed line) for
photons, and triplet pair production (TPP, black solid line) and inverse Compton scattering (ICS, black dashed line) for
electrons. Colored lines show the contribution of the individual photon fields, IRB (blue, Gilmore model [41]), CMB (green)
and radio background (red, Protheroe model [43]). In addition, the energy loss length of synchrotron radiation is indicated for
three magnetic field strengths (gray dotted lines).
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Absorption in ISRF+CMB
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Figure 2. The energy density of ISRF (including starlight, IR and CMB), extracted from GAL-
PROP [28], at three different positions in our Galaxy: the dotted curves are for (r, z) = (0, 0), that is
GC; the solid curves are for (r, z) = (8.3, 0) kpc, that is the Sun position, and the dot-dashed curves
are for (r, z) = (8.3, 5) kpc.
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Figure 3. Plot of the absorption of �-rays on SL+IR photons, for a source at distance L = 8.3 kpc
(solid curves) and 20 kpc (dashed curves) for various directions.
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Figure 1a shows the ⌧CMB
�� as function of E� for three different values of L = 4 kpc, 8.3

kpc and 20 kpc. As can be seen, for a source of �-ray at Galactic center (GC), at about
L = 8.3 kpc, the absorption is ⇠ 70% at E� ⇠ 2 PeV. Figure 1b shows the contour plot of
exp[�⌧CMB

�� ], as function of photon energy E� and source distance L.
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Figure 1. Plot of the absorption of �-rays on CMB photons. Panel (a): for a source at distance
L = 4 kpc, 8.3 kpc and 20 kpc. Panel (b): 2D density plot of exp[�⌧CMB

�� ] as function of L and E� .

The optical depth due to pair production on the SL+IR photon bath can be calculated
similarly to eq. (2.1), with the extra complication that the integral along the line of sight is
non-trivial, since the photon bath number density nSL+IR also depends on position x, and
the optical depth also depends on the Galactic coordinates (b, l). In the approximation that
the photon field is inhomogeneous but isotropic one can write

⌧SL+IR
�� (E� , L, b, l) =

Z L

0
ds

ZZ
���(E� , ")nSL+IR [",x(s, b, l)]

1� cos ✓

2
sin ✓d✓ d" , (2.6)

where the line-of-sight parameter s is related e.g. to the cylindrical coordinates (r, z), with
the origin at the GC, by

r =
q
R2

� + s2 cos2 b� 2sR� cos b cos l and z = s sin b , (2.7)

where R� ' 8.3 kpc is the distance of the Sun to the GC. The number densities of SL and
IR photons have been extracted from the GALPROP code [28] and their energy densities for
some representative positions are plotted in figure 2. Obviously, the CMB radiation field is
homogenous and thus pervades the whole Galaxy uniformly, while the SL and IR components
of radiation field are clearly position dependent: larger at GC and in the Galactic disk,
decreasing rapidly by moving perpendicularly from Galactic disk, along the z direction.

The optical depth due to SL+IR photon bath for two different distances and various
directions are shown in figure 3. It is clear that the absorption effect is relevant around
energies of O(100) TeV, but only for directions towards the inner Galaxy (b ' l ' 0). The
calculated optical depths in this section are consistent with the results reported in [3]. The
effect of the total opacity of Galactic medium (i.e., ⌧�� = ⌧CMB

�� + ⌧SL+IR
�� ) will be discussed

in the following sections.
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Figure 4. CR p̄ spectra from decaying dark matter. The propagation parameter setup used to
determine the spectrum is shown in Tab. 2 and 3. The DM spectrum (red dot-dashed) is displayed
for some particular DM mass values: mdm = 103, 104, 105 and 106 GeV (from top to bottom, left
to right). The astrophysical background model (black dotted) reproduces the one found through a
robust MCMC scan in Ref. [70]. The data points are taken from AMS-02 [21]

We show the p̄ spectra for mdm = 103, 104, 105, and 106GeV in Fig. 4. In this figure,
the astrophysical background is also shown. As explained in the previous section, the as-
trophysical background used in this work reproduces the one explored in Ref. [70]. In this
case we find that the extragalactic flux spectra is negligibly small for this energy range. In
addition, it can be noticed that the p̄ flux gets suppressed as the DM mass increases. It will
be shown in the next section, that the resulting constraints for this channel (using AMS-02
data) are stringent around mdm ⇠ 1TeV but become weaker for larger DM masses.

Using the same propagation parameter setup as for other CR species, the e+ spectra
is shown in Fig. 5. It can be noticed that the predicted DM flux gets suppressed for larger
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!  flux in the Galaxye+

Similar behavior to !  fluxp̄

!τdm = 1027 s

Figure 5. CR e+ spectra from decaying dark matter particles into the b̄b channel. The propagation
parameter setup assumed is the same as for Fig. 4. Displayed data is taken from the most recent
release by AMS-02 [22].

DM masses, just as what happened in the p̄ case. Since it is much smaller than the observed
AMS-02 e±, it is expected that the resulting constraints on the DM lifetime are going to be
weaker compared to the ones obtained from p̄ data.

Figure 6 shows � fluxes for the same mass values assumed in Fig. 3. The spectral bump
seen in the high energy regime corresponds to the contribution from the Galactic component.
We find that the � rays due to the ICS and bremsstrahlung in the Galaxy are subdominant
in the total flux. The extragalactic component, on the other hand, exhibits two spectral
peaks; one at low energies and another one at high energies. The former originates in the
cascades from prompt DM decays, while the later arise from electromagnetic cascades of �
and e± coming from photo-hadronic processes. In all the panels we observe an energy range
(105GeV . E . 1010GeV) where the emission of � is relatively high. This is because the PP
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!  fluxp + p̄

Figure 3. p + p̄ fluxes due to dark matter decaying to bb̄ where mdm = 1010, 1012, 1014, and
1016 GeV (from top to bottom, left to right), and the lifetime of dark matter is 1027 s. Total flux
(red dot-dashed) and extragalactic contribution (purple solid) are shown. Data points correspond to
the observed CR fluxes by PAO [37].

the extragalactic ones for mdm . 1011GeV, however the later become dominant for larger
DM masses. We anticipate that more stringent bounds on DM lifetime will be obtained by
using the predicted Galactic CR spectra. Furthermore, while the extragalactic contributions
are suppressed for mdm & 1011GeV, its overall intensity remains unchanged up to mdm ⇠
1011GeV. This behavior is a result of the GZK e↵ect. Namely, p (p̄) lose their energies due
to photo-pion production process which is relevant for p energy over 1011GeV. Then part
of that lost energy is converted into pions, whose decay products emit a given amount of �,
e± and ⌫, ⌫̄. Although their fluxes are suppressed for E & 1011GeV, these are nonetheless
comparable to the observed CR fluxes at Earth. Thus, models of new physics predicting
DM particles with ⌧dm . 1027 s and mdm & 1010GeV are expected to be constrained by
observations.
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Combined results


