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DM indirect searches 

Advantages 
n  can probe DM annihilation/decay, important to 

understand the origin of DM density. 
n  tiny signals enhanced  by huge volume of the DM halo 
n  can probe both energy spectral and morphology        

 - line vs. continuum,   
 - peaky vs. featureless power law,  
 - extended signal in space vs. point-like source. 

Challenges 
n  always difficult to distinguish from astrophysical 

backgrounds (“backgrounds” not well undstood) 
n  Information loss during  propagation 

        - spectrum change du to E-dependent        
 propagation, convection, re-acceleration, E-loss  
 - anisotropic source -->isotropic signals 

n  Large uncertainties in theoretical predictions  
       origin/propagation  of CRs,  Solar modulation, 
       hadronic interaction cross sections low energies 
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AMS-02 electrons: DM explanations 
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FIG. 7: Predictions for cosmic-ray positron fraction from DM annihilation into final

states 2µ, 4µ, 2τ and 4τ . In each plot, the shaded band represents the uncertainties due

to that in the propagation parameters and the DM properties ( mχ and ⟨σv⟩ ) at 95% CL.

The data of AMS-02 [2], PAMELA [4] and Fermi-LAT [5] are also shown.
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Dwarf galaxy limit: 2τ 

Dwarf galaxy limit: 2μ 

Constraints from gamma rays 

H.B.Jin, Y.L.Wu, YFZ, arXiv:1410.0171,JCAP 

Planck Collaboration: Cosmological parameters

0 2 4 6 8

pann [10�27cm3 s�1 GeV�1]

0.950

0.975

1.000

1.025

n s

Planck TT,TE,EE+lowP

Planck TE+lowP

Planck EE+lowP

Planck TT+lowP

WMAP9

Fig. 40. 2-dimensional marginal distributions in the pann–ns
plane for Planck TT+lowP (red), EE+lowP (yellow), TE+lowP
(green), and Planck TT,TE,EE+lowP (blue) data combinations.
We also show the constraints obtained using WMAP9 data (light
blue).

We then add pann as an additional parameter to those of the base
⇤CDM cosmology. Table 6 shows the constraints for various
data combinations.

Table 6. Constraints on pann in units of cm3 s�1 GeV�1.

Data combinations pann (95 % upper limits)

TT+lowP . . . . . . . . . . . . . . . . . < 5.7 ⇥ 10�27

EE+lowP . . . . . . . . . . . . . . . . . < 1.4 ⇥ 10�27

TE+lowP . . . . . . . . . . . . . . . . . < 5.9 ⇥ 10�28

TT+lowP+lensing . . . . . . . . . . . < 4.4 ⇥ 10�27

TT,TE,EE+lowP . . . . . . . . . . . . < 4.1 ⇥ 10�28

TT,TE,EE+lowP+lensing . . . . . . < 3.4 ⇥ 10�28

TT,TE,EE+lowP+ext . . . . . . . . . < 3.5 ⇥ 10�28

The constraints on pann from the Planck TT+lowP spec-
tra are about 3 times weaker than the 95 % limit of pann <
2.1 ⇥ 10�27 cm3 s�1 GeV�1 derived from WMAP9, which in-
cludes WMAP polarization data at low multipoles. However, the
Planck T E or EE spectra improve the constraints on pann by
about an order of magnitude compared to those from Planck TT
alone. This is because the main e↵ect of dark matter annihila-
tion is to increase the width of last scattering, leading to a sup-
pression of the amplitude of the peaks both in temperature and
polarization. As a result, the e↵ects of DM annihilation on the
power spectra at high multipole are degenerate with other param-
eters of base ⇤CDM, such as ns and As (Chen & Kamionkowski
2004; Padmanabhan & Finkbeiner 2005). At large angular scales
(` . 200), however, dark matter annihilation can produce an
enhancement in polarization caused by the increased ionization
fraction in the freeze-out tail following recombination. As a re-
sult, large-angle polarization information is crucial in breaking
the degeneracies between parameters, as illustrated in Fig. 40.
The strongest constraints on pann therefore come from the full
Planck temperature and polarization likelihood and there is little
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Fig. 41. Constraints on the self-annihilation cross-section at re-
combination, h�3iz⇤ , times the e�ciency parameter, fe↵ (Eq. 81).
The blue area shows the parameter space excluded by the Planck
TT,TE,EE+lowP data at 95 % CL. The yellow line indicates the
constraint using WMAP9 data. The dashed green line delineates
the region ultimately accessible by a cosmic variance limited ex-
periment with angular resolution comparable to that of Planck.
The horizontal red band includes the values of the thermal-relic
cross-section multiplied by the appropriate fe↵ for di↵erent DM
annihilation channels. The dark grey circles show the best-fit
DM models for the PAMELA/AMS-02/Fermi cosmic-ray ex-
cesses, as calculated in Cholis & Hooper (2013) (caption of their
figure 6). The light grey stars show the best-fit DM models for
the Fermi Galactic centre gamma-ray excess, as calculated by
Calore et al. (2014) (their tables I, II, and III), with the light
grey area indicating the astrophysical uncertainties on the best-
fit cross-sections.

improvement if other astrophysical data, or Planck lensing, are
added.30

We verified the robustness of the Planck TT,TE,EE+lowP
constraint by also allowing other extensions of ⇤CDM (Ne↵ ,
dns/d ln k, or YP) to vary together with pann. We found that the
constraint is weakened by up to 20 %. Furthermore, we have ver-
ified that we obtain consistent results when relaxing the priors
on the amplitudes of the Galactic dust templates or if we use the
CamSpec likelihood instead of the baseline Plik likelihood.

Figure 41 shows the constraints from WMAP9, Planck
TT,TE,EE+lowP, and a forecast for a cosmic variance limited
experiment with similar angular resolution to Planck31. The hor-
izontal red band includes the values of the thermal-relic cross-
section multiplied by the appropriate fe↵ for di↵erent DM anni-
hilation channels. For example, the upper red line corresponds to
fe↵ = 0.67, which is appropriate for a DM particle of mass m� =
10 GeV annihilating into e+e�, while the lower red line corre-
sponds to fe↵ = 0.13, for a DM particle annihilating into 2⇡+⇡�
through an intermediate mediator (see e.g., Arkani-Hamed et al.
2009). The Planck data exclude at 95 % confidence level a ther-

30It is interesting to note that the constraint derived from Planck
TT,TE,EE+lowP is consistent with the forecast given in Galli et al.
(2009), pann < 3 ⇥ 10�28 cm3 s�1 GeV�1.

31We assumed that the cosmic variance limited experiment would
measure the angular power spectra up to a maximum multipole of
`max = 2500, observing a sky fraction fsky = 0.65.
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FIG. 5: Allowed regions for DM particle mass and annihilation cross section at 99% CL

for DM annihilation into 2µ, 4µ, 2τ and 4τ final states from the global fit. The upper

limits on the 2µ and 2τ channels from the Fermi-LAT 6-year gamma-ray data of the dwarf

spheroidal satellite galaxies of the Milky Way are also shown [76].

induced from DM interactions. In this section, we estimate the uncertainties in the predic-

tion for antiproton flux from DM annihilation and construct reference propagation models

which give rise to the typically minimal, median and maximal antiproton fluxes within

95% CL. Such reference models are useful for a quick estimation of the propagation un-

certainties in future analyses. We shall focus only on the case of DM annihilation. It is

straight forward to extend the analysis to the case of DM decay.

For a concrete illustration, we consider a reference DM model with mχ = 130 GeV,

and a typical WIMP annihilation cross section ⟨σv⟩0 = 3× 10−26 cm3s−1 with final state

dominated by bb̄. From the propagation models allowed by the recent AMS-02 data at

95% CL, we select reference models which give minimal, median and maximal antiproton

fluxes. The values of the parameters are listed in Tab. 3, and the corresponding fluxes

for different types of DM profiles are shown in Fig. 7. As can be seen from the figure,

the uncertainties due to the propagation parameters are within an order of magnitude.

In some previous analysis, the choice of benchmark models leads to an uncertainty of

O(100) [21]. Such a significant improvement is related to the precision AMS-02 data on

the B/C ratio. Fig. 7 also shows that the differences due to the DM profile are typically

around a factor of two among the profiles of NFW, Isothermal and Einasto. In the Moore

profile, the differences are bigger and can reach O(20).

19

Fermi limits from  dSphs  PLANK limits 

Only DM annihilating into  muon-final states are consistent with  the dSphs limit   
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AMS-02 electrons: astrophysical explanations 
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Figure 3. Results of our simultaneous fit on the AMS-02 data for the electron flux (top left), positron
flux (top right), electron plus positron flux (bottom left) and positron fraction (bottom right). The
best fit model is represented by the solid black line, and is embedded in its 3� uncertainty band (cyan
strip). In each panel, the dot-dashed yellow line represents the electron flux from the far (>3 kpc)
SNR population, the dotted green line the electrons from the local SNRs, while the short dashed blu
line describes the positron and electron flux from PWN and the long dashed red takes into account
the secondary contribution to both electron and positron flux. The fit is performed on all the AMS-02
data simultaneously. Together with our theoretical model, data from AMS-02 [6–8], Fermi-LAT [4, 5],
Pamela [1–3], Heat [174–177], Caprice [178, 179], Bets [180, 181] and Hess experiments [44, 182] are
reported.

and, in turn, the positron fraction; at lower energies, far SRN are dominating the flux of
electrons and of (e+ + e

�) (this occurs for energies below about 100 GeV), while secondaries
determine the positron flux and the positron fraction (for energies below 10-20 GeV). It is
therefore remarkable that a single model for all the source components, for both positron
and electrons, fits simultaneously all the leptonic AMS-02 data, without any further ad-hoc
adjustment. The best fit values found for the free parameters of SRN and PWN are in very
good agreement with the ones quoted in Sections 2.1 and 2.2.

Another quite interesting result concerns the positron flux interpretation. The secondary
positron component adopted in our analysis, as discussed above, depends only on the p
and He primary fluxes (which we have determined by a separate, independent, fit on the
recent AMS-02 data), on the nuclear cross sections involved in the spallation process and on
propagation in the Galaxy. It therefore has no free parameters, as far as the e

± analysis is
concerned. However, we have allowed a free normalization q̃sec, in order to check a posteriori

the compatibility with the AMS-02 data. The fact that we find a best-fit value of q̃sec very

– 9 –

Mauro etal, 1402.0321 
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AMS-02 antiprotons: 2016 

6
AMS－02 Collaboration 

antiproton excess ? 
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AMS-02 antiproton data 
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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


�
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2

↵
E

◆✓
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�
r↵E
s
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, (8)

with ↵
E

⇡ 0.17 and r
s

⇡ 20 kpc.
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H.B.Jin, Y.L.Wu, YFZ arXiv:1504.04601, PRD 

AMS p/p results and modeling 
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Low energy excess ? 
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Implications 
•  The spectral feature can be well-fitted with a power law spectrum with a cut 

off, typical significance 2.5—3 sigma. 
•  Pulsars are unlikely to produce energetic antiprotons. 
•  SNRs can produce secondary antiprotons but with a flat (or smooth rising) 

spectrum. 
•  DM direct annihilation (DMDMàf fbaràpbar +X) predicts a broad bump, 

too smooth to explain the excess in a narrow  energy range. 



DM annihilation through light mediators 
DM cascade annihilation 
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Lorentz boost 
 
 
 
Large hierarchy limit    "0 ⌧ "1 ⌧ "2 . . .

��! 2�n ! 22�n�1 · · · ! 2n�1(�1 !  +X)



Hierarchical limits 

�  Hierarchical limit 
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Non-hierarchical case 
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E = �BE
0

�E/E = 2�B�
0

small �0

When � ⇡ 2mp phi rest-frame DM CM frame 

Lorentz boost for finite ✏0



Narrow bump antiproton spectra 
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propagation of CRs 
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Cosmic-ray transportation equation 
diffusion convection 

reaccelaration 

E-loss 

source 

14 

spallation decay 
Sources of CRs 
•  Primary sources from SNR, pulsars 
•  Primary sources from WIMP 
•  Secondary source from CR fragmentation  
Processes in Propagation  
•  Diffusion (random B field) 
•  Convection (galactic wind) 
•  Reacceleration (turbulence) 
•  Energy loss: Ionization, IC, Synchrotron, 
      bremsstrahlung 
•  Fragmentation (inelastic scattering) 
•  Radioactive decay (unstable species) 
Solar modulation 

Uncertainties 
•  Distribution of primary sources 
•  Parameters in the diffusion equation 
•  Cross sections for nuclei fragmentation 
•  Distribution of B field 
•  Distribution of gas 
Approaches 
•  Semi-analytical, two-zone diffusion model. 
•  Numerical solution using realistic 
      astrophysical data. 
      GALPROP/Dragon code 
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Antiprotons from SNRs 
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•  Antiprotons can be generated from pp inelastic scatterings 
 
 

•  Antiprotons accelerated by the shock-wave 
    and propagate in the same way as protons 

Diffusion coefficient inside SNRs 
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SNRs can in principle explain the rising  of both the positrons and antiprotons, 
but also predicts a rise in B/C 



Fit to the AMS-02 antiproton data 

�  Three antiproton source models considered 
◦  A) DM annihilation through light (5GeV) mediators 
◦  B) DM annihilation directly into two quarks 
◦  C) antiprotons generated by SNRs (Emax=10 TeV) 

�  Three propagation models (MIN, MED, MAX) 
�  DM profile: Einasto profile 
�  The DM mass and cross sections are set free 
�  Injection spectrum generated by Pythia 8 (low energy issu) 
�  Background normalization allowed to float freely 
�  chi2 analysis for AMS-02 data above 20 GeV 
�  Solar modulation considered with potential phi=500 MV. 
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Results 

�  Model A (DM annihilation through light mediators) is favoured 
�  Best fit DM mass ~800 GeV,  
    cross section compatible with thermal value 
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Comparing three models 
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Limits from dwarf galaxies  
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Fermi-LAT sets limits per energy bin,  sensitive to the spectral shape 



Limits from dwarf galaxies  
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Weaker limits for 
light mediators 

DM (with mediators) interpretation is consistent with the limits from dSphs 



Conclusions 

�  DM annihilation through light mediator can leads to different 
energy spectral features of CR antiprotons 

�  When the mass of the mediator is close to the antiproton 
production threshold (~2mp), a shape spectral bump appears 

�  The current AMS-02 antiproton data show a hint of excess: a 
rise in 100-260 GeV, followed by a drop of 30% in 260-450 
GeV, with a significance 2.5-3 sigma. 

�  Such an  “excess”, if confirmed, will not favor SNR 
explanation and DM direct annihilation into SM quarks 

�  DM annihilation through light mediator (5 GeV or less) can 
provide an consistent explanation. 
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