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DM indirect detections 
Advantages	
  
n  Tiny	
  cross	
  sec+on	
  compensated	
  by	
  huge	
  volume	
  of	
  

Galac+c	
  DM	
  halo	
  
n  Dis+nct	
  spectral	
  feature	
  and	
  morphology	
  	
  	
  	
  	
  	
  	
  	
  

	
  line	
  vs.	
  con+nuum,	
  	
  	
  
	
  peaky	
  vs.	
  featureless	
  power	
  law,	
  	
  
	
  extended	
  signal	
  in	
  space	
  vs.	
  point-­‐like	
  source.	
  

n  A	
  number	
  of	
  anomalies	
  	
  observed:	
  	
  
	
  CR	
  positrons,	
  GC	
  gamma-­‐rays,	
  X-­‐rays	
  

Difficul1es	
  	
  
n  Informa+on	
  loss	
  during	
  CR	
  propaga+on	
  
	
  	
  	
  	
  	
  	
  	
   	
  spectrum	
  change	
  du	
  to	
  E-­‐dependent	
  	
  	
  	
  	
  	
  	
  	
  

	
  propaga+on,	
  convec+on,	
  re-­‐accelera+on,	
  E-­‐loss	
  	
  
	
  anisotropic	
  source	
  -­‐-­‐>isotropic	
  signals	
  

n  Large	
  uncertain+es	
  in	
  Theore+cal	
  predic+ons	
  	
  
	
  	
  	
  	
  	
  	
  	
  propaga+on	
  models,	
  Solar	
  modula+on	
  
n  	
  Always	
  difficult	
  to	
  rule	
  out	
  astrophysical	
  

	
  contribu+ons	
  

	
  

2 
AMS-­‐02	
  is	
  measuring	
  the	
  CRs	
  with	
  unprecedented	
  precisions 



The CR positron excess  

n  Positron	
  frac+on	
  rises	
  and	
  	
  reaches	
  the	
  maximal	
  at	
  energy	
  ~270	
  GeV	
  
	
  	
  	
  	
  	
  (expected	
  to	
  fall	
  with	
  energy,	
  as	
  	
  secondaries)	
  	
  
n  The	
  high	
  energy	
  	
  points	
  set	
  the	
  scale	
  of	
  DM	
  mass	
  and	
  annihila+on	
  cross	
  sec+on	
  
	
  	
  	
  	
  	
  decay	
  life-­‐+me 
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  121101 

background	
  ? 



Positron flux and anisotropy 

4 

n  The	
  rise	
  in	
  positron	
  frac+on	
  is	
  due	
  to	
  more	
  positrons	
  rather	
  than	
  less	
  electrons	
  
n  Limits	
  on	
  the	
  amplitude	
  of	
  a	
  dipole	
  anisotropy	
  <0.03	
  at	
  95%	
  C.L	
  
	
  	
  	
  	
  	
  	
  consistent	
  with	
  DM	
  interpreta+on,	
  cannot	
  ruled	
  astrophysical	
  contribu+ons	
  

Positron Flux 

56 

Phys.Rev.LeT.	
  113	
  (2014)	
  121102	
   



AMS p/p results and modeling 

67 

S.Ting	
  “AMS-­‐02	
  days	
  at	
  CERN”,	
  April	
  15-­‐17,	
  CERN 

background	
  ? 

CR	
  an+proton	
  flux	
  
n  Less	
  likely	
  to	
  be	
  created	
  	
  by	
  pulsars	
  
n  much	
  less	
  energy	
  losses	
  during	
  propaga+on	
  
n  More	
  sensi+ve	
  to	
  propaga+on	
  parameters,	
  and	
  DM	
  profile	
  
 

Antiproton/proton ratio 

PAMELA,	
  0810.4994 

background	
  ? 



The background modeling 
Background	
  modeling	
  is	
  data	
  driven	
  
n  Simplest	
  approach:	
  assume	
  a	
  “known”	
  background	
  	
  	
  
	
  	
  	
  	
  	
  (power-­‐law	
  in	
  source	
  term	
  or	
  flux	
  ader	
  propaga+on)	
  
n  Fit	
  the	
  background	
  to	
  some	
  	
  “non-­‐anomalous	
  ”	
  cosmic-­‐ray	
  data	
  	
  

(“assume”	
  no	
  significant	
  dark	
  maTer:	
  p,	
  e-­‐,	
  B/C,	
  10Be/9Be,	
  etc.)	
  
	
  and	
  make	
  predic+ons	
  for	
  DM	
  contribu+on	
  

n  Fit	
  simultaneously	
  the	
  “background”	
  and	
  	
  DM	
  contribu+ons.	
  	
  
	
  (treat	
  background	
  as	
  “unknown”	
  as	
  well)	
  
	
  e+	
  /(e++e-­‐)	
  actually	
  has	
  an	
  impact	
  on	
  BG	
  determina+on	
  

Uncertain+es	
  in	
  	
  propaga+on	
  parameters	
  crucial	
  for	
  DM	
  predic+on	
  
n  Significant	
  prop.	
  parameter	
  degenera+on	
  	
  in	
  B/C,	
  	
  

	
  not	
  in	
  DM	
  à	
  e+	
  	
  and	
  pbar	
  
n  Primary	
  source	
  terms	
  degenerate	
  with	
  prop.	
  Parameters	
   



Origin and propagation of CRs 

SNRs	
  
Pulsars 

WIMPs 

B	
  
ISRF	
  
gas 

Sources 

Zh 

Rh 

Galaxy 

Galac1c	
  disk 

e+,p-­‐,γ,ν 

Interstellar	
  medium 

Solar	
  modula1on	
  
Solar	
  CR	
  	
  source 

Sun 

Galac1c	
  wind	
  Vc 

e+,p-­‐,γ,ν 

Diffusion	
  model 

Sun 



Cosmic-ray transportation equation 
diffusion convec+on 

reaccelara+on 

E-­‐loss 

source 

8 

spalla+on decay 
Sources	
  of	
  CRs	
  
•  Primary	
  sources	
  from	
  SNR,	
  pulsars	
  
•  Primary	
  sources	
  from	
  WIMP	
  
•  Secondary	
  source	
  from	
  CR	
  fragmenta+on	
  	
  
Processes	
  in	
  Propaga1on	
  	
  
•  Diffusion	
  (random	
  B	
  field)	
  
•  Convec+on	
  (galac+c	
  wind)	
  
•  Reaccelera+on	
  (turbulence)	
  
•  Energy	
  loss:	
  Ioniza+on,	
  IC,	
  Synchrotron,	
  
	
  	
  	
  	
  	
  	
  bremsstrahlung	
  
•  Fragmenta+on	
  (inelas+c	
  scaTering)	
  
•  Radioac+ve	
  decay	
  (unstable	
  species)	
  
Solar	
  modula1on	
  

Uncertain1es	
  
•  Distribu+on	
  of	
  primary	
  sources	
  
•  Parameters	
  in	
  the	
  diffusion	
  equa+on	
  
•  Cross	
  sec+ons	
  for	
  nuclei	
  fragmenta+on	
  
•  Distribu+on	
  of	
  B	
  field	
  
•  Distribu+on	
  of	
  gas	
  
Approaches	
  
•  Semi-­‐analy+cal,	
  two-­‐zone	
  diffusion	
  model.	
  
•  Numerical	
  solu+on	
  using	
  realis+c	
  
	
  	
  	
  	
  	
  	
  astrophysical	
  data.	
  
	
  	
  	
  	
  	
  	
  GALPROP/Dragon	
  code	
  
	
  



Sources of cosmic rays 

•  Primary	
  sources	
  (SNR)	
  	
  
Assume	
  power	
  low	
  in	
  rigidity	
  
	
  
	
  
	
  
Spa+al	
  distribu+on	
  (pulsar	
  survey)	
  

	
  
•  Secondary	
  sources	
  (cross	
  sec+ons) 

•  Primary	
  DM	
  sources	
  (spectrum)	
  

DM	
  profiles	
  (N-­‐body	
  simula+ons)	
  

is related to the velocity of disturbances in the hydrodynamical plasma, the so called

Alfvèn speed Va as follows [29]

Dpp =
4V 2

a p
2

3Dxxδ (4− δ2) (4− δ)w
, (3)

where w characterise the level of turbulence. We take w = 1 as only V 2
a /w is relevant in

the calculation. In Eq. (1), the momentum loss rate is denoted by ṗ which could be due

to ionization in the interstellar medium neutral matter, Coulomb scattering off thermal

electrons in ionized plasma, bremsstrahlung, synchrotron radiation, and inverse Compton

scattering, etc.. The parameter τf (τr) is the time scale for fragmentation (radioactive

decay) of the cosmic-ray nuclei as they interact with interstellar hydrogen and helium.

High energy electrons/positrons loss energy due to the processes like inverse Compton

scattering and synchrotron radiation. The typical propagation length is around a few kpc

for electron energy around 100 GeV. In the calculation of energy loss rate, the interstellar

magnetic field in cylinder coordinates (R, z) is assumed to have the form

B(R, z) = B0 exp

(

−
R −R!

RB

)

exp

(

−
|z|
zB

)

, (4)

with B0 = 5×10−10 Tesla, RB = 10 kpc, and zB = 2 kpc [30]. The spectrum of a primary

source term for a cosmic-ray nucleus A is assumed to have a broken power low behaviour

dqA(p)

dp
∝

(

ρ

ρAs

)γA

, (5)

with γA = γA1(γA2) for the nucleus rigidity ρ below (above) a reference rigidity ρAs. For

cosmic-ray electrons, sometimes two breaks ρes1, ρes2 are introduced with three power law

indices γe1, γe2 and γe3. The spatial distribution of the primary sources is assumed to have

the following form [31]

qA(R, z) = q0

(

R

R!

)η

exp

[

−ξ
R− R!

R!

−
|z|

0.2 kpc

]

, (6)

where η = 0.5, ξ = 1.0, and the normalization parameters q0 is determined by the EGRET

gamma-ray data.

Secondary cosmic-ray particles are created in collisions of primary cosmic-ray particles

with interstellar gas. The secondary antiprotons are created dominantly from inelastic pp-

and pHe-collisions. The corresponding source term reads

q(p) = βcni

∑

i=H,He

∫

dp′
σi(p, p′)

dp′
np(p

′) (7)

where ni is the number density of interstellar hydrogen (helium), np is the number density

of primary cosmic-ray proton per total momentum, and dσi(p, p′)/dp′ is the differential

5
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cross section for p + H(He) → p̄ + X . The primary source term of cosmic-ray particles

from the annihilation of Majorana DM particles has the following form

q(r, p) =
ρ(r)2

2m2
χ

〈σv〉
∑

X

ηX
dN (X)

dp
, (8)

where 〈σv〉 is the velocity-averaged DM annihilation cross section multiplied by DM rela-

tive velocity (referred to as cross section) which is the quantity appears in the Boltzmann

equation for calculating the evolution of DM number density. ρ(r) is the DM energy

density distribution function, and dN (X)/dp is the injection energy spectrum of antipro-

tons from DM annihilating into SM final states through all possible intermediate states X

with ηX the corresponding branching fractions. The injection spectra dN (X)/dp from DM

annihilation are calculated using the numerical package PYTHIA v8.175 [32], in which

the long-lived particles such as neutron and KL are allowed to decay and the final state

interaction are taken into account. Since PYTHIA v8.15 the polarization and correlation

of final states in τ -decays has been taken into account [33].

The fluxes of cosmic-ray particles from DM annihilation depend also on the choice of

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

ρ(r) = ρ!

(

r

r!

)−γ (1 + (r!/rs)α

1 + (r/r!)α

)(β−γ)/α

, (9)

where r! ≈ 8.5 kpc is the distance from the Sun to the galactic center, and ρ! ≈
0.43 GeV cm−3 is the local DM energy density [34]. The values of the parameters α,

β, γ and rs for the Navarfro-Frenk-White (NFW) profile [35], the isothermal profile [36]

and the Moore profile [37, 38] are summarized in Tab. 1. An other widely adopted DM

α β γ rs(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. 1: Values of parameters α, β, γ and rs for three DM halo models, NFW [35],

Isothermal [36], and Moore [37, 38].

profile is the Einasto profile [39]

ρ(r) = ρ! exp

[

−
(

2

αE

)(

rαE − rαE

!

rαE
s

)]

, (10)

with αE ≈ 0.17 and rs ≈ 20 kpc.
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only	
  a	
  few,	
  very	
  old	
  pp-­‐,pA-­‐collision	
  data	
   



Main	
  source	
  of	
  
uncertainty 

Cosmic-ray propagation processes 

Diffusion	
  	
  (constant	
  )	
  

	
  
	
  
In	
  general	
  D0	
  should	
  be	
  spa+al	
  
dependent	
  (Dragon	
  code)	
  
e.g,	
  larger	
  diffusion	
  const.	
  at	
  higher	
  
energy,	
  
	
  
	
  
Boundary	
  Condi1on	
  	
  
flux	
  vanishes	
  at	
  (Rh,Zh) 

Convec1on	
  	
  	
  
	
  
	
  
	
  
	
  
	
  
Reaccelera1on	
  

	
  
	
  
Rela1on	
  between	
  Dpp	
  and	
  Dxx	
  
	
  
	
  
 

Kolmogorov: � = 1/3

L̂
D

 = r(D
xx

r )
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B(R, z) = B0 exp

(

−
R −R!

RB

)

exp

(

−
|z|
zB

)

, (4)

with B0 = 5×10−10 Tesla, RB = 10 kpc, and zB = 2 kpc [30]. The spectrum of a primary

source term for a cosmic-ray nucleus A is assumed to have a broken power low behaviour

dqA(p)

dp
∝

(

ρ

ρAs

)γA

, (5)

with γA = γA1(γA2) for the nucleus rigidity ρ below (above) a reference rigidity ρAs. For

cosmic-ray electrons, sometimes two breaks ρes1, ρes2 are introduced with three power law

indices γe1, γe2 and γe3. The spatial distribution of the primary sources is assumed to have

the following form [31]

qA(R, z) = q0

(

R

R!

)η

exp

[

−ξ
R− R!

R!

−
|z|

0.2 kpc

]

, (6)

where η = 0.5, ξ = 1.0, and the normalization parameters q0 is determined by the EGRET

gamma-ray data.

Secondary cosmic-ray particles are created in collisions of primary cosmic-ray particles

with interstellar gas. The secondary antiprotons are created dominantly from inelastic pp-

and pHe-collisions. The corresponding source term reads

q(p) = βcni

∑

i=H,He

∫

dp′
σi(p, p′)

dp′
np(p

′) (7)

where ni is the number density of interstellar hydrogen (helium), np is the number density

of primary cosmic-ray proton per total momentum, and dσi(p, p′)/dp′ is the differential

5

discuss the uncertainties in the prediction for positron fraction from DM annihilation into

typical leptonic final states. In Sec. 6, we select typical propagation models corresponding

to the minimal, median and maximal antiproton fluxes from DM annihilation into bb̄.

In Sec. 7, through combining AMS-02 data with PAMELA and others, we derive upper

limits for the DM annihilation cross sections for typical DM annihilation channels. The

reconstruction capability for the future AMS-02 data on the mass and annihilation cross

sections is discussed. The conclusions are given in Sec. 8.

2 Propagation of cosmic-ray charged particles

It has been recognized that the propagation of cosmic rays in the Galaxy can be effectively

described as a process of diffusion [27]. In this section, we briefly overview the main features

of the cosmic-ray diffusion within the Galaxy. Detailed reviews of the transportation of

processes can be found in Ref. [28] The Galactic halo within which the diffusion processes

occur is parametrized by a cylinder with radius Rh = 20 kpc and half-height Zh = 1− 20

kpc. The diffusion equation for the cosmic-ray charged particles reads (see e.g. [29])

∂ψ

∂t
=∇(Dxx∇ψ − Vcψ) +

∂

∂p
p2Dpp

∂

∂p

1

p2
ψ −

∂

∂p

[

ṗψ −
p

3
(∇ · Vc)ψ

]

−
1

τf
ψ −

1

τr
ψ + q(r, p), (1)

where ψ(r, p, t) is the number density per unit of total particle momentum, which is

related to the phase space density f(r,p, t) as ψ(r, p, t) = 4πp2f(r,p, t). For steady-state

diffusion, it is assumed that ∂ψ/∂t = 0. The number densities of cosmic-ray particles are

vanishing at the boundary of the halo, i.e., ψ(Rh, z, p) = ψ(R,±Zh, p) = 0. The spatial

diffusion coefficient Dxx is energy dependent and can be parametrized as

Dxx = βD0

(

ρ

ρ0

)δ

, (2)

where ρ = p/(Ze) is the rigidity of the cosmic-ray particle with electric charge Ze. The

the power spectral index δ can have different values δ = δ1(2) when ρ is below (above)

a reference rigidity ρ0. The coefficient D0 is a normalization constant, and β = v/c is

the velocity of the cosmic-ray particle with c the speed of light. The convection term in

the diffusion equation is related to the drift of cosmic-ray particles from the Galactic disc

due to the Galactic wind. The direction of the wind is assumed to be along the direction

perpendicular to the galactic disc plane and have opposite sign above and below the disc.

The diffusion in momentum space is described by the reacceleration parameter Dpp which

4
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determine the propagation models 
 

Observables	
  
1)	
  Secondary/Primary	
  	
  
•  B/C	
  	
  and	
  sub-­‐Fe(Sc+V+Ti)/Fe	
  

	
  sensi+ve	
  to	
  combina+on	
  D0/Zh	
  
	
  
2)	
  	
  Radioac+ve	
  species	
  (cosmic	
  clock)	
  
•  10Be/9Be,	
  36Cl/Cl,	
  26Al/27Al	
  

	
  sensi+ve	
  to	
  diffusive	
  halo	
  size	
  
	
  
3)	
  	
  Stable	
  primaries	
  
•  Proton	
  and	
  	
  electron	
  fluxes	
  

	
  sensi+ve	
  to	
  primary	
  sources 

Degeneracies	
  between	
  parameters	
  
1.  D0	
  /Zh	
  ,	
  most	
  relevant	
  for	
  DM	
  !	
  
2.  δ+γp2	
  	
  	
  =	
  	
  2.7	
  
3.  Va	
  	
  scales	
  as	
  (D0)1/2	
  A. Putze et al.: An MCMC technique to sample transport and source parameters of Galactic cosmic rays. II.
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Fig. 2. From top to bottom: posterior PDFs of models I, II,
and III using the B/C constraint (dataset F). The diagonals
show the 1D marginalised PDFs of the indicated parame-
ters. Off-diagonal plots show the 2D marginalised posterior
PDFs for the parameters in the same column and same line
respectively. The colour code corresponds to the regions of
increasing probability (from paler to darker shade), and the
two contours (smoothed) delimit regions containing, respec-
tively, 68% and 95% (inner and outer contour) of the PDF.

Table 3. Best-fit model parameters for B/C data only (L =
4 kpc).

Model Kbest
0 × 102 δbest V best

c V best
a χ2/d.o.f

Data (kpc2 Myr−1) (km s−1) (km s−1)

I-F 0.42 0.93 13.5 . . . 11.2
II-F 9.74 0.23 . . . 73.1 4.68
III-F 0.48 0.86 18.8 38.0 1.47

correlated with Va, which is related to a smaller δ being
obtained if more reacceleration is included. On the other
hand, the positive correlation between δ and Vc indicates
that larger δ are expected for larger wind velocities.

We show in Table 2 the most probable values of the
transport parameters, as well as their uncertainties, corre-
sponding to 68% confidence levels (CL) of the marginalised
PDFs. The precision to which the parameters are obtained
is excellent, ranging from a few % to 10% at most (for
the slope of the diffusion coefficient δ in III). This corre-
sponds to statistical uncertainties only. These uncertainties
are of the order of, or smaller than systematics generated
from uncertainties in the input ingredients (see details in
Maurin et al. 2010).

As found in previous studies (e.g., Lionetto et al. 2005),
for pure diffusion/reacceleration models (II), the value of
the diffusion slope δ found is low (≈ 0.23 here). When con-
vection is included (I and III), δ is large (≈ 0.8− 0.9). This
scatter in δ was already observed in Jones et al. (2001), who
also studied different classes of models. The origin of this
scatter is consistent with the aforementioned correlations
in the parameters (see also Maurin et al. 2010).

The best-fit model parameters (which are not always
the most probable ones) are given in Table 3, along with
the minimal χ2 value per degree of freedom, χ2

min/d.o.f
(last column). As found in previous analyses (Maurin et al.
2001, 2002), the DM with both reacceleration and convec-
tion reproduces the B/C data more accurately than with-
out: χ2/d.o.f= 1.47 for III, 4.90 for II, and 11.6 for I. The
B/C ratio associated with these optimal χ2 values are dis-
played with the data in Fig. 3. We note that the poor fit for
II (compared to III) is explained by the departure of the
model prediction from high-energy HEAO-3 data.

4.2. Sensitivity to the choice of the B/C dataset

For comparison purposes, we now focus on several datasets
for the B/C data. Low-energy data points include ACE
data, taken during the solar minimum period 1997-1998
(de Nolfo et al. 2006). Close to submission of this pa-
per, another ACE analysis was published (George et al.
2009). The 1997-1998 data points were reanalysed and
complemented with data taken during the solar maxi-
mum period 2001-2003. The AMS-01 also provided B/C
data covering almost the same range as the HEAO-3
data (Tomassetti & AMS-01 Collaboration 2009). Hence,
for this section only, we attempt to analyse other B/C
datasets that include these components:

– A: HEAO-3 [0.8− 40 GeV/n], 14 data points;
– C: HEAO-3+low energy [0.3−0.5GeV/n], 22 data points;
– F: HEAO-3+low+high energy [0.2−2 TeV/n], 31 data

points;
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An alternative analysis framework 

Standard	
  approach:	
  B/C+	
  10Be/9Be	
  	
  
	
  	
  	
  pros:	
  B/C	
  source	
  independent,	
  only	
  constrain	
  D0/Zh,	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  10Be:	
  	
  τBe10	
  =1.4	
  Myr,	
  sensi+ve	
  to	
  D0	
  only,	
  break	
  the	
  D0/Zh	
  degeneracy	
  
	
  	
  	
  	
  corns:	
  	
  low	
  precision	
  10Be/9Be	
  data	
  (	
  from	
  ACE,	
  ISOMAX)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  data	
  come	
  from	
  different	
  exps.,	
  different	
  solar	
  ac+vity	
  periods,	
  	
  
	
  
Alterna1ve	
  approach:	
  B/C	
  +	
  	
  Proton	
  
n  B/C	
  +	
  	
  Proton	
  	
  forms	
  a	
  complete	
  set	
  for	
  determining	
  all	
  the	
  propaga+on	
  

parameters.	
  	
  
n  Both	
  have	
  been	
  measured	
  by	
  	
  AMS-­‐02	
  	
  	
  

–  Very	
  precisely	
  measured	
  
–  Avoiding	
  combina+on	
  of	
  syst.	
  errors	
  in	
  different	
  experiments	
  
–  All	
  data	
  from	
  the	
  same	
  period,	
  easy	
  to	
  model	
  solar	
  modula+on	
  effects	
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Proton flux breaks the D0/Zh degeneracy in 2D diffusion model  

with ↵
E

⇡ 0.17 and r

s

⇡ 20 kpc.

The interstellar flux of the cosmic-ray particle is related to its density function as

� =
v

4⇡
 (r, p) . (11)

For high energy nuclei v ⇡ c. At the top of the atmosphere (TOA) of the Earth, the fluxes

of cosmic-rays are a↵ected by solar winds and the helioshperic magnetic field. This e↵ect

is taken into account using the force-field approximation [42]. In this approach, �TOA the

cosmic-ray nuclei flux at the top of the atmosphere of the Earth which is measured by the

experiments is related to the interstellar flux as follows

�TOA(TTOA) =

✓
2mTTOA + T

2
TOA

2mT + T

2

◆
�(T ), (12)

where TTOA = T � �

F

is the kinetic energy of the cosmic-ray nuclei at the top of the

atmosphere of the Earth. (4)

Analytical solution to the propagation equation can be obtained in a simplified two-

zone di↵usion model in which the thin galactic disk is approximated by a delta-function .

For an illustration, let us consider a simple case where the reacceleration and energy loss

are negligible, and V

c

is a constant along the z-direction. The steady state propagation

equation in this case can be written as

0 = D

xx

r2
 � V

c

r � 2h�(z)
1

⌧

f

 � 1

⌧

r

 + 2h�(z)q(R, z, p). (13)

where h ⇡ 0.1 kpc is the width of the galactic disk. Using the Bessel expansion of the

number density

 (R, z, p) =
1X

i=1

 

i

(z, p)J0

✓
⇣

i

R

R

h

◆
, (14)

where J0(x) is the Bessel function and ⇣
i

is the i-th zero of the Bessel function, the equation

for the coe�cient  
i

(z, p) can be written as
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where q

i

is the coe�cient of the Bessel expansion of the source term q(R, z, p) similar to

 

i

from Eq. (14). The solution of the above equation at z = 0 is given by
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with ↵
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⇡ 20 kpc.

The interstellar flux of the cosmic-ray particle is related to its density function as

� =
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4⇡
 (r, p) . (11)

For high energy nuclei v ⇡ c. At the top of the atmosphere (TOA) of the Earth, the fluxes

of cosmic-rays are a↵ected by solar winds and the helioshperic magnetic field. This e↵ect

is taken into account using the force-field approximation [42]. In this approach, �TOA the

cosmic-ray nuclei flux at the top of the atmosphere of the Earth which is measured by the

experiments is related to the interstellar flux as follows
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F

is the kinetic energy of the cosmic-ray nuclei at the top of the

atmosphere of the Earth. (4)

Analytical solution to the propagation equation can be obtained in a simplified two-

zone di↵usion model in which the thin galactic disk is approximated by a delta-function .

For an illustration, let us consider a simple case where the reacceleration and energy loss

are negligible, and V

c

is a constant along the z-direction. The steady state propagation

equation in this case can be written as
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In the limit S
i

Z

h

⌧ 1, one can use the power expansion coth(x) ⇡ 1/x+x/3+O(x3) and

obtain

D

xx

S

i

coth(S
i

Z

h

/2) ⇡
✓
D

xx

Z

h

◆✓
2 +

V

2
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2
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xx
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h

3D
xx

⌧

r

+
2Z2

h

3R2
h

⇣

2
i

◆
. (18)

SinceD
xx

/ D0, the above expression shows the well-known behaviour that the parameters

D0 and Z

h

are almost degenerate in the flux of cosmic-ray particles. This degeneracy is

however slightly broken by the two subleading contributions. One is related to the decay

of the radioactive species, and the other one is related to the fixed halo radius R
h

.

The values of D0 and Z

h

can be determined by fitting simultaneously to the B/C flux

ratio and the ratio of the isotopes of Beryllium nuclei 10Be/9Be, as 10Be is radioactive

and sensitive to D0. A great advantage of using such flux ratios is that the propagation (2)

parameters can be determined without knowing the primary sources. On the other hand,

as can be see in Eq. (18), for a fixed value of D0/Zh

, an increase of Z
h

will result in a

decrease of the flux  even for stable cosmic-ray species. Thus, in principle, the primary

cosmic-ray fluxes can also be used together with the B/C flux ratio to determine the values

ofD0 and Z

h

, if the primary sources are specified. The flux of cosmic-ray protons is among

the most precisely measured quantities. As it will be shown in Sec. 4, the combination of

proton flux plus B/C ratio can constrain D0 and Z

h

with reasonable precision.

Some of the other propagation parameters are also strongly correlated. For instance,

in the re-acceleration term the Alfvèn speed V

a

scales as
p
D

xx

as can bee seen in Eq. (3).

At high energies above ⇠ 10 GeV, the approximate relation � + �

A

⇡ 2.7 holds very well,

due to the energy-dependent di↵usion coe�cient.

We shall solve the di↵usion equation of Eq. (1) using the publicly available numeri-

cal code GALPROP v54 [43–47] which utilizes realistic astronomical information on the

distribution of interstellar gas and other data as input, and considers various kinds of

data including primary and secondary nuclei, electrons and positrons, �-rays, synchrotron

radiation, etc. in a self-consistent way. Other approaches based on simplified assumptions

on the Galactic gas distribution which allow for fast analytic solutions can be found in

Refs. [48–52].

3 Bayesian inference

The Bayesian inference is based on calculating the posterior probability distribution func-

tion (PDF) of the unknown parameter set ✓ = {✓1, . . . , ✓m} in a given model, which

actually updates our state of belief from the prior PDF of ✓ after taking into account the

information provided by the experimental data set D. The posterior PDF is related to
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Proton flux also breaks the γ+δ  degeneracy 

with ↵
E

⇡ 0.17 and r

s

⇡ 20 kpc.

The interstellar flux of the cosmic-ray particle is related to its density function as
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In the GALPROP code, the diffusion equation is solved numerically on a spatial grid

with widths ∆R = 1 kpc and ∆Z = 0.2 kpc. The momentum grid is on a logarithmic

scale with a scale factor 1.4. For sampling the posterior distributions and calculating

the marginal distributions, we use the numerical package CosmoMC [51] which implements

the Metropolis-Hastings algorithm in the MCMC scan of the whole parameter space. We

have built 18 parallel MCMC chains with ∼1500 samples in each chain after the burn-in.

These chains satisfy the convergence condition that the ratio of the inter-chain variance

and intra-chain variance is less than 0.2 [55]. In total 2.6 × 104 samples were obtained

from the MCMC scan. The result of the best-fit values, statistical mean values, standard

deviations and allowed intervals at 95% CL for these parameters are shown in Tab. 2.

For a comparison, we also list the allowed ranges determined from a previous analysis in

Quantity Prior Best-fit Posterior mean and Posterior 95% Ref. [23]

range value Standard deviation range

Zh(kpc) [1, 11] 3.2 3.3±0.6 [2.1, 4.6] 5.4±1.4

D0/Zh [1, 3] 2.02 2.00±0.07 [1.82, 2.18] (1.54±0.48)

δ [0.1, 0.6] 0.29 0.29±0.01 [0.27, 0.32] 0.31±0.02

Va(km · s−1) [20, 70] 44.7 44.6±1.2 [41.3, 47.5] 38.4±2.1

γp1 [1.5, 2.1] 1.79 1.78±0.01 [1.75, 1.81] 1.92±0.04

γp2 [2.2,2.6] 2.46 2.45±0.01 [2.43,2.47] 2.38±0.04

TAB. 2: Constraints on the propagation models from the global Bayesian analyses to

the AMS-02 data of B/C ratio and proton flux. The prior interval, best-fit value, statistic

mean, standard deviation and the allowed range at 95% CL are listed for each propagation

parameter. The parameter D0/Zh is in units of 1028cm2 · s−1kpc−1. For a comparison, we

also list the mean values and standard deviations of these parameters from a previous

analysis in [23]. The value of D0/Zh in the parentheses is obtained from [23] using a naive

combination of D0 and Zh without considering the correlation.

Ref. [23] which is based on data of B/C, 10B/9Be, Carbon and Oxygen nuclei flux prior to

AMS-02.

As it can be seen from the table that although the fitting strategy is different, the

parameters determined by the AMS-02 data are quite similar with the previous analysis

in Ref. [23], but with uncertainties significantly reduced. For instance, the ratio D0/Zh is

found to be

D0

Zh
= (2.00± 0.07) cm2s−1kpc−1. (21)
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Correlations between parameters 
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FIG. 1: Two-dimensional marginalized posterior PDFs for the combinations of some

selected parameters involving Zh, D0/Zh, δ, Va and γp1. The regions enclosing 68%(95%)

CL are shown in dark blue (blue). The red plus (yellow cross ) in each plot indicates the

best-fit value (statistic mean value).
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FIG. 4: Cosmic ray nuclei fluxes and flux ratios from a global fit to the AMS-02 proton

and B/C data. (Upper left) the fitted spectra of cosmic-ray proton flux. The band

corresponds to the values of propagation parameters allowed at 95% CL. The data of

proton flux from AMS-02 [27], PAMELA [28] and CREAM [71] are also shown. (Upper

right) the fitted spectra of B/C ratio. The data of AMS-02 [26], ACE [72], CREAM [63]

and HEAO-3 [61] are also shown. (Middle left) the prediction for the antiproton flux at

95% CL. The data of PAMELA [73] and BESS-Polar II [74] are shown. (Middle right) the

prediction for the antiproton to proton flux ratio at 95% CL. The data of PAMELA [75]

are shown. (Lower left) the prediction for 10Be/9Be flux ratio, the data of ACE [69] and

ISOMAX [70] are shown. (Lower right) the prediction for positron fraction, the data of

AMS-02 [2] PAMELA [4] and Fermi-LAT [5] are shown.
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Planck Collaboration: Cosmological parameters
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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.

51

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).
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FIG. 7: Prediction for the antiproton fluxes resulting from DM particle annihilating into

bb̄ final states in the three propagation models listed in Tab. 3. In each plot, three curves

correspond to the typically minimal (dot-dashed), median (solid) and maximal (dotted)

antiproton fluxes at 95% CL. The four plots corresponds to the four different DM density

distribution profile NFW (upper left) [37], Isothermal (upper right) [38], Moore (lower

left) [39, 40] and Einasto (lower right) [41]. The mass of the DM particle is 130 GeV and

the annihilation cross section is fixed at 〈σv〉0 = 3× 10−26 cm3s−1.
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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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AMS-02 pbar data set stringent limits 
(bb channel) 

[GeV]χm
2

10
3

10

]
-1

s
-3

[c
m

ν
σ

-27
10

-26

10

-25

10

-24
10

, ConventinalbDM->b

Isothermal

NFW

Einasto

Moore

Fermi-LAT

[GeV]χm
2

10
3

10

]
-1

s
-3

[c
m

ν
σ

-27
10

-26

10

-25

10

-24
10

, MEDbDM->b

Isothermal

NFW

Einasto

Moore

Fermi-LAT

[GeV]χm
2

10
3

10

]
-1

s
-3

[c
m

ν
σ

-27
10

-26

10

-25

10

-24
10

, MINbDM->b

Isothermal

NFW

Einasto

Moore

Fermi-LAT

[GeV]χm
2

10
3

10

]
-1

s
-3

[c
m

ν
σ

-27
10

-26

10

-25

10

-24
10

, MAXbDM->b

Isothermal

NFW

Einasto

Moore

Fermi-LAT

FIG. 3: Upper limits on the cross sections for DM particle annihilation into bb̄ final

states from the AMS-02 p̄/p data in the “conventional” (upper left), “MED” (upper

right), “MIN” (lower left) and “MAX” (lower right) propagation models. Four DM pro-

files NFW [32], Isothermal [33] , Einasto [36] and Moore [34, 35] are considered. The

upper limits from the Fermi-LAT 6-year gamma-ray data of the dwarf spheroidal satellite

galaxies of the Milky Way are also shown [39]. The horizontal line indicates the typical

thermal annihilation cross section h�vi = 3⇥ 10�26cm3s�1.

We consider three reference DM annihilation channels �̄� ! XX where XX = qq̄, bb̄

and W+W�. The energy spectra of these channels are similar at high energies. The main

di↵erence is in the average number of total antiprotons N
X

per DM annihilation of each

channel. For a DM particle mass m
�

= 500 GeV, the values of N
X

for typical final states

are N
qq̄

= 2.97 (q = u, d), N
bb̄

= 2.66, and N
WW

= 1.42. The injection spectra dN (X)/dp

from DM annihilation are calculated using the numerical package PYTHIA v8.175 [37].

in which the long-lived particles such as neutron and K
L

are allowed to decay and the

final state interaction are taken into account. Since PYTHIA v8.15 the polarization and

correlation of final states in ⌧ -decays has been taken into account [38].

In this work, we shall derive the upper limits on the DM annihilation cross section
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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
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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]
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E

⇡ 0.17 and r
s

⇡ 20 kpc.
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AMS-02 data favor a heavy DM ? 
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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So far, a heavy DM is not excluded (yet) 
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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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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Conclusions 

•  The	
  AMS-­‐02	
  experiment	
  has	
  measured	
  the	
  CRs	
  with	
  
unprecedented	
  precision.	
  	
  

•  The	
  cosmic	
  ray	
  propaga+on	
  models	
  can	
  be	
  more	
  precisely	
  
determined	
  by	
  the	
  new	
  AMS-­‐02	
  data	
  on	
  B/C	
  and	
  proton	
  flux	
  

•  The	
  positron	
  anomaly	
  favor	
  DM	
  annihila+on	
  into	
  tau	
  final	
  
states,	
  which	
  is	
  in	
  strong	
  tension	
  with	
  Fermi-­‐LAT	
  gamma	
  ray	
  
data.	
  

•  The	
  first	
  AMS-­‐02	
  an+proton	
  data	
  can	
  be	
  used	
  to	
  set	
  stringent	
  
limits	
  on	
  DM	
  annihila+on,	
  compa+ble	
  with	
  that	
  from	
  the	
  
gamma	
  ray	
  data. 


