
This content has been downloaded from IOPscience. Please scroll down to see the full text.

Download details:

IP Address: 79.164.79.122

This content was downloaded on 08/01/2016 at 09:41

Please note that terms and conditions apply.

 Cosmic ray propagation and dark matter in light of the latest AMS-02 data

View the table of contents for this issue, or go to the journal homepage for more

JCAP09(2015)049

(http://iopscience.iop.org/1475-7516/2015/09/049)

Home Search Collections Journals About Contact us My IOPscience

iopscience.iop.org/page/terms
http://iopscience.iop.org/1475-7516/2015/09
http://iopscience.iop.org/1475-7516
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


J
C
A
P
0
9
(
2
0
1
5
)
0
4
9

ournal of Cosmology and Astroparticle Physics
An IOP and SISSA journalJ

Cosmic ray propagation and dark
matter in light of the latest
AMS-02 data

Hong-Bo Jin,a,b Yue-Liang Wua,c,d and Yu-Feng Zhoua,c

aState Key Laboratory of Theoretical Physics, Institute of Theoretical Physics,
Chinese Academy of Sciences, Zhong Guan Cun East Street 55 #, P.O. Box 2735,
Beijing, 100190 P.R. China
bNational Astronomical Observatories, Chinese Academy of Sciences,
Datun Rd, Chaoyang, Beijing, P.R. China
cKavli Institute for Theoretical Physics China, Institute of Theoretical Physics,
Chinese Academy of Sciences, Zhong Guan Cun East Street 55 #, P.O. Box 2735,
Beijing, 100190 P.R. China
dUniversity of Chinese Academy of Sciences,
Beijing, 100190 P.R. China

E-mail: hbjin@bao.ac.cn, ylwu@itp.ac.cn, yfzhou@itp.ac.cn

Received October 23, 2014
Revised July 19, 2015
Accepted August 13, 2015
Published September 21, 2015

Article funded by SCOAP3. Content from this work may be used
under the terms of the Creative Commons Attribution 3.0 License.

Any further distribution of this work must maintain attribution to the author(s)
and the title of the work, journal citation and DOI.

doi:10.1088/1475-7516/2015/09/049

mailto:hbjin@bao.ac.cn
mailto:ylwu@itp.ac.cn
mailto:yfzhou@itp.ac.cn
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1088/1475-7516/2015/09/049


J
C
A
P
0
9
(
2
0
1
5
)
0
4
9

Abstract. The AMS-02 experiment is measuring the high energy cosmic rays with unprece-
dented accuracy. We explore the possibility of determining the cosmic-ray propagation mod-
els using the AMS-02 data alone. A global Bayesian analysis of the constraints on the
cosmic-ray propagation models from the preliminary AMS-02 data on the Boron to Carbon
nuclei flux ratio and proton flux is performed, with the assumption that the primary nucleon
source is a broken power law in rigidity. The ratio of the diffusion coefficient D0 to the diffu-
sive halo height Zh is determined with high accuracy D0/Zh ' 2.00± 0.07 cm2s−1kpc−1, and
the value of the halo width is found to be Zh ' 3.3 kpc with uncertainty less than 50%. As
a consequence, the typical uncertainties in the positron fraction predicted from dark matter
(DM) annihilation is reduced to a factor of two, and that in the antiproton flux is about
an order of magnitude. Both of them are significantly smaller than that from the analyses
prior to AMS-02. Taking into account the uncertainties and correlations in the propagation
parameters, we derive conservative upper limits on the cross sections for DM annihilating
into various standard model final states from the current PAMELA antiproton data. We also
investigate the reconstruction capability of the future high precision AMS-02 antiproton data
on the DM properties. The results show that for DM particles lighter than ∼ 100 GeV and
with typical thermal annihilation cross section, the cross section can be well reconstructed
with uncertainties about a factor of two for the AMS-02 three-year data taking.
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1 Introduction

Although compelling evidence from astronomical observations has indicated that dark matter
(DM) contributes to 26.8% of the total energy density of the Universe [1], the particle nature
of DM remains largely unknown. If DM particles in the galactic halo can annihilate or
decay into the standard model (SM) final states, they may contribute to primary sources of
cosmic-ray particles, which can be probed by precision DM indirect detection experiments.

Recently, the Alpha Magnetic Spectrometer (AMS-02) collaboration has updated its
measurement of the cosmic-ray positron fraction, i.e., the ratio between cosmic-ray positron
flux and the total flux of electrons and positrons in the energy range of 0.5–500 GeV [2].
The high precision data indicate that the positron fraction increases with energy in the
energy range 8–270 GeV, consistent with the previouse measurements by PAMELA [3, 4]
and Fermi-LAT [5] but with much higher accuracy. For the first time, it was shown that the
positron fraction ceases to increase at the energy ∼ 270 GeV. The rise and the existence of a
maximum in the positron fraction is unexpected from the conventional astrophysics in which
the majority of positrons are believed to be from the collisions of primary cosmic-ray nuclei
with interstellar gas. Besides astrophysical explanations, an exciting possibility is that the
observed positron fraction excess is due to DM annihilation or decay in the galactic halo.

In DM interpretations, through analysing the cosmic-ray positron anomaly, the proper-
ties of DM particle such as its mass and annihilation cross section or decay life-time can be
inferred, and different DM models can be distinguished or even excluded (for recent global
analyses on AMS-02 data, see e.g. refs. [6–20]). However, the conclusions are in general sen-
sitive to the choice of cosmic-ray propagation model, cosmic-ray background as well as the
profile of DM halo density distribution. The main source of the uncertainty is related to that
in the propagation models. Analyses based on the data prior to AMS-02 have shown that
the uncertainties of this type can reach O(10) in the prediction for positron flux [21] and
O(100) for anti-proton flux for DM annihilation [22]. Note that the backgrounds of primary

– 1 –



J
C
A
P
0
9
(
2
0
1
5
)
0
4
9

and secondary cosmic-ray particles which are of crucial importance in identifying the DM
signals also depend on the propagation models.

In the diffusion models of cosmic-ray propagation, the major propagation parameters
involve the diffusion halo height Zh, the spatial diffusion coefficient D0, the convection veloc-
ity Vc related to the galactic wind, the Alfvèn speed Va related to the reaccelaration, and the
primary source terms, etc.. The propagation models and parameters can be constrained by
a set of astrophysical observables. The ratio between the fluxes of cosmic-ray secondary and
primary nuclei such as that of Boron to Carbon nuclei (B/C) and the ratio of the radioactive
isotopes such as that of Beryllium nuclei 10Be/9Be are commonly used to determine these
parameters without knowing the primary sources (for recent global fits, see e.g. [23–26]).
The primary source terms can be determined separately by the fluxes of primary cosmic-ray
nuclei such as that of cosmic-ray protons.

Recently, the AMS-02 collaboration has reported the measurement of the B/C ratio in
the kinetic energy interval from 0.5 to 670 GeV/nucleon with an unprecedented accuracy [27].
The AMS-02 experiment also released the data of proton flux as a function of rigidity from 1
GV to 1.8 TV [28], which is consistent with the previous measurement made by PAMELA in
the low rigidity range from 20 to 100 GV [29]. In the high rigidity region above ∼ 100 GV,
the proton spectrum measured by AMS-02 is consistent with a single power law spectrum.
Under the assumption that the primary source is a broken power law in rigidity, the two type
of data can be used together to determine the cosmic-ray propagation parameters.

In light of the recent significant experimental progresses, it is of interest to revisit the
constraints on the cosmic-ray propagation models and explore the potential of the AMS-02
experiment on the capability of DM discovery. In this work, we first determine the main
propagation parameters through a global Bayesian analysis to the preliminary AMS-02 data.
We follow the strategy of determining both the propagation parameters and the primary
sources in the same framework, using the data of B/C ratio and the proton flux. We show
that the combination of B/C ratio and proton flux can lift the degeneracy in Zh and D0, and
both the parameters can be well determined by the AMS-02 data alone. We find that the ratio
of the diffusion coefficient D0 to the diffusive halo height Zh is determined with high accuracy
D0/Zh ' 2.00 ± 0.07 cm2s−1kpc−1, and the best-fit value of the halo width is Zh ' 3.3 kpc
with uncertainty within 50%. From the allowed regions of parameter space, we estimate the
uncertainties in the positron fraction and antiproton fluxes predicted by DM annihilation.
We show that the uncertainties in the predicted positron fraction is within a factor of two and
that in the antiproton flux is within an order of magnitude, which are significantly smaller
than that from the previous analyses prior to AMS-02 (see e.g. [23, 24]). We construct
reference propagation models corresponding to the minimal, median and maximal antiproton
fluxes from DM annihilation into b-quarks. Combined with the PAMELA antiproton data,
we derive conservative upper limits on the cross sections of DM annihilating into typical
SM final states. We further project the sensitivity of the forthcoming AMS-02 data on the
antiproton flux. The results show that for DM particle lighter than ∼ 100 GeV with a typical
thermal annihilation cross section, the cross section can be reconstructed with uncertainties
within a factor of two for the AMS-02 three-year data taking.

This paper is organized as follows. In section 2, we outline the formulas describing the
propagation of cosmic-ray particles. In section 3, we briefly overview the method of Bayesian
inference used in our analysis. In section 4, we present results on constraining the propagation
models from the AMS-02 data of cosmic-ray B/C ratio and proton flux. In section 5, we
discuss the uncertainties in the prediction for positron fraction from DM annihilation into
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typical leptonic final states. In section 6, we select typical propagation models corresponding
to the minimal, median and maximal antiproton fluxes from DM annihilation into bb̄. In
section 7, taking into account the uncertainties in the propagation parameters, we derive
upper limits on the DM annihilation cross sections for typical annihilation channels from
PAMELA antiproton data. The reconstruction capability for the future AMS-02 data on the
DM mass and annihilation cross sections is discussed. The conclusions are given in section 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 [30]. 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. [31]. 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. [32])

∂ψ

∂t
=∇(Dxx∇ψ − V cψ) +

∂

∂p
p2Dpp

∂

∂p

1

p2
ψ − ∂

∂p

[
ṗψ − p

3
(∇ · V c)ψ

]
− 1

τf
ψ − 1

τr
ψ + q(r, p), (2.1)

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
, (2.2)

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 is related to the velocity of
disturbances in the hydrodynamical plasma, the so called Alfvèn speed Va as follows [32]

Dpp =
4V 2

a p
2

3Dxxδ (4− δ2) (4− δ)w
, (2.3)

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

in the calculation. In eq. (2.1), 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.
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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

)
, (2.4)

where B0 = 5× 10−10 Tesla, RB = 10 kpc, zB = 2 kpc [33], and r� ≈ 8.5 kpc is the distance
from the Sun to the galactic center. 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
, (2.5)

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 radial distribution of the source term can be determined by
independent observables. Based on the distribution of SNR, the spatial distribution of the
primary sources is assumed to have the following form [34]

qA(R, z) = q0

(
R

r�

)η
exp

[
−ξR− r�

r�
− |z|

0.2 kpc

]
, (2.6)

where η = 1.25 and ξ = 3.56 are adapted to reproduce the Fermi-LAT gamma-ray data
of the 2nd Galactic quadrant [24, 35, 36], and q0 is a normalization parameter. In the 2D
diffusion model, one can use the realistic non-uniform interstellar gas distribution of HI,II

and H2 determined from 21 cm and CO surveys.
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

′) (2.7)

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 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
, (2.8)

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 antiprotons from
DM annihilating into SM final states through all possible intermediate states X with ηX the
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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

Table 1. Values of parameters α, β, γ and rs for three DM halo models, NFW [40], Isothermal [41],
and Moore [42, 43].

corresponding branching fractions. 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 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 [38].

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

, (2.9)

where ρ� ≈ 0.43 GeV cm−3 is the local DM energy density [39]. The values of the parameters
α, β, γ and rs for the Navarfro-Frenk-White (NFW) profile [40], the isothermal profile [41]
and the Moore profile [42, 43] are summarized in table 1. An other widely adopted DM
profile is the Einasto profile [44]

ρ(r) = ρ� exp

[
−
(

2

αE

)(
rαE − rαE�

rαEs

)]
, (2.10)

with αE ≈ 0.17 and rs ≈ 20 kpc.
The interstellar flux of the cosmic-ray particle is related to its density function as

Φ =
v

4π
ψ(r, p) . (2.11)

For high energy nuclei v ≈ c. At the top of the atmosphere (TOA) of the Earth, the fluxes
of cosmic-rays are affected by solar winds and the helioshperic magnetic field. This effect
is taken into account using the force-field approximation [45]. In this approach, ΦTOA 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

ΦTOA(ETOA) =

(
2mETOA + E2

TOA

2mEkin + E2
kin

)
Φ(Ekin), (2.12)

where ETOA = Ekin − φF is the kinetic energy of the cosmic-ray nuclei at the top of the
atmosphere of the Earth.

Analytical solutions to the propagation equation can be obtained in a simplified two-
zone diffusion model in which the thin galactic disk is approximated by a delta-function
δ(z) (for reviews, see e.g. [31]). For an illustration, let us consider a simple case where the
reacceleration and energy loss terms are negligible, and Vc is a constant along the z-direction.
The steady state propagation equation in this case can be written as

0 = Dxx∇2ψ − Vc∇ψ − 2hδ(z)
1

τf
ψ − 1

τr
ψ + 2hδ(z)q(R, z, p). (2.13)
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where h ≈ 0.1 kpc is the half-height of the galactic disk used as a normalization factor. Using
the Bessel expansion of the number density

ψ(R, z, p) =
∞∑
i=1

ψi(z, p)J0

(
ζi
R

Rh

)
, (2.14)

where J0(x) is the zero-th order Bessel function of the first kind and ζi is the i-th zero of the
Bessel function, the equation for the coefficients ψi(z, p) can be written as

0 = Dxx

(
∂2

∂z2
− ζ2

i

R2
h

)
ψi − Vc

∂

∂z
ψi − 2hδ(z)

1

τf
ψi −

1

τr
ψi + 2hδ(z)qi, (2.15)

where qi are the coefficients of the Bessel expansion of the source term q(R, z, p) similar to
ψi in eq. (2.14). The solution of the above equation at z = 0 is given by [31]

ψi(0) =
2hqi

Vc + 2h/τf +DxxSi coth(SiZh/2)
, (2.16)

where

S2
i =

V 2
c

D2
xx

+
4

Dxxτr
+

4ζ2
i

R2
h

. (2.17)

In the limit SiZh � 1 which is valid at sufficiently high energy, one can use the power
expansion coth(x) ≈ 1/x+ x/3 +O(x3) and obtain

DxxSi coth(SiZh/2) ≈
(
Dxx

Zh

)(
2 +

V 2
c Z

2
h

6D2
xx

+
2Z2

h

3Dxxτr
+

2Z2
h

3R2
h

ζ2
i

)
. (2.18)

Since Dxx ∝ D0, the above expression shows the well-known behaviour that the parameters
D0 and Zh are almost degenerate. This degeneracy is however slightly lifted 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 Rh which is common to all the cosmic-ray
species. The values of D0 and Zh 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 its propagation is directly sensitive to D0. An advantage of using such flux ratios is
that the propagation parameters can be determined without the knowledge of the primary
sources. On the other hand, as shown in eq. (2.18), for a fixed value of D0/Zh, an increase of
Zh will result in a slight decrease of the flux ψi even for stable cosmic-ray species. Therefore,
the stable primary cosmic-ray fluxes such as the proton flux can also be used together with
the B/C flux ratio to determine the values of Zh, provided that the primary sources are
specified and the data are precision enough.

The energy spectrum of the proton flux is known to follow a single power law ψ(0) ∝
ρ−γψ in the energy range O(20–107) GeV with γψ ≈ 2.7. Since Dxx ∝ ρδ, according to the
solution of eq. (2.16), if the rigidity dependence of the source term is also a single power law
qi ∝ ρ−γ , then at high energies the approximate relation γψ ≈ γ+δ follows, which means that
for the proton spectrum the two parameters γ and δ are nearly degenerate. However, at lower
energies Ekin . 20 GeV, the single power-law approximation of the proton energy spectrum
breaks down. The energy redistribution processes such as reacceleration, convection and solar
modulation, etc. contribute to the changes in the spectral shape of the proton flux. Thus
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γ and δ can be determined individually by the proton flux together with other propagation
parameters. Furthermore, the primary proton source term can also be a broken power law
in rigidity as widely adopted in the diffusive re-acceleration models [24, 46, 47], which is also
suggested independently by the γ-ray observation of the nearby molecular clouds [48]. As it
will be shown in detail in section 4, the combination of proton flux plus B/C ratio can break
the degeneracies between the parameters, and allows for a determination of the propagation
parameters D0, Zh, Va, γp1,p2 and δ etc. with reasonable precisions.

In our numerical calculations, we shall solve the diffusion equation of eq. (2.1) using the
publicly available code GALPROP v54 [35, 46, 47, 49, 50] 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, γ-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. [22, 23, 31, 51, 52]. The propagation parameters shall be determined from a
global fit using Bayesian inference with Markov Chain Monte-Carlo method.

3 Bayesian inference

The Bayesian inference is based on calculating the posterior probability distribution function
(PDF) of the unknown parameter set θ = {θ1, . . . , θm} in a given model, which actually
updates our state of belief from the prior PDF of θ after taking into account the information
provided by the experimental data set D. The posterior PDF is related to the prior PDF by
the Bayes’s therom

p(θ|D) =
L(D|θ)π(θ)

p(D)
, (3.1)

where L(D|θ) is the likelihood function, and π(θ) is the prior PDF which encompasses our
state of knowledge on the values of the parameters before the observation of the data. The
quantity p(D) is the Bayesian evidence which is obtained by integrating the product of the
likelihood and the prior over the whole volume of the parameter space

p(D) =

∫
V
L(D|θ)π(θ)dθ. (3.2)

The evidence is an important quantity for Bayesian model comparison. It is straight forward
to obtain the marginal PDFs of interested parameters {θ1, . . . , θn}(n < m) by integrating
out other nuisance parameters {θn+1, . . . , θm}

p(θ1, . . . , θn)marg =

∫
p(θ|D)

m∏
i=n+1

dθi. (3.3)

The marginal PDF is often used in visual presentation. If there is no preferred value of θi in
the allowed range (θi,min, θi,max), the priors can be taken as a flat distribution

π(θi) ∝

{
1, for θi,min < θi < θi,max

0, otherwise
. (3.4)

– 7 –
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The likelihood function is often assumed to be Gaussian

L(D|θ) =
∏
i

1√
2πσ2

i

exp

[
−

(fth,i(θ)− fexp,i)
2

2σ2
i

]
, (3.5)

where fth,i(θ) are the predicted i-th observable from the model which depends on the pa-
rameter set θ, and fexp,i are the ones measured by the experiment with uncertainty σi. For
experiments with only a few events observed, the form of the likelihood function can be
taken as Poisson. When the form of the likelihood function is specified, the posterior PDF
can be determined by sampling the distribution according to the prior PDF and the likeli-
hood function using Markov Chain Monte Carlo (MCMC) methods. A commonly adopted
algorithm is Metropolis-Hastings MCMC which is implemented in the numerical package
CosmoMC [53]. Other advanced sampling methods such as the MultiNest algorithm are also
commonly adopted [54, 55].

The statistic mean value of a parameter θ can be obtained from the posterior PDF

P (θ|D) in a straight forward manner. Using the MCMC sequence {θ(1)
i , θ

(2)
i , . . . , θ

(N)
i } of the

parameter θi with N the length of the Markov chain, the mean (expectation) value 〈θi〉 is
given by

〈θi〉 =

∫
θiP (θi|D)dθi =

1

N

N∑
k=1

θ
(k)
i . (3.6)

The 1σ standard deviation of the parameter θi is given by σ2 =
∑N

k=1(θ
(k)
i − 〈θi〉)2/(N − 1).

4 Constraining propagation models using AMS-02 data

The propagation models can be constrained by cosmic-ray data. Since the statistics of the
AMS-02 data on charged cosmic-ray particles are now much higher than that of other exper-
iments and will continue to increase, it is of interest to consider constraining the propagation
models using the AMS-02 data alone. One advantage of this strategy is that the complicities
involving the combination of the systematics of different type of experiments can be avoided.
Furthermore, all the current AMS-02 data are taken in the same period of solar activity,
which makes it easier to estimate the effect of solar modulation consistently.

The AMS-02 data of which we shall include in the analysis are the spectra of the cosmic-
ray nuclei ratio B/C (18 data points) [27] and the proton flux (100 data points) [28], namely,
the whole data set is

D = {DAMS
B/C , D

AMS
p }. (4.1)

Note that the current data released by the AMS-02 collaboration is still preliminary, which
can be different from the final published results.

Since we are focusing on determining the propagation parameters, the AMS-02 data
of positrons and electrons [56] are not considered for the moment, as it is known that they
are unlikely to be fully consistent with the conventional backgrounds, which calls for exotic
contributions either from nearby astrophysical sources or from DM interactions.

We adopt the conventional diffusive reaccelaration (DR) models in which Vc ' 0. It has
been shown that in the GALPROP approach a nonvanishing Vc results in the predicted peak
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of B/C spectrum to be too wide in comparison with the data [35, 46]. We consider the case
where R = 20 kpc and δ1 = δ2 ≡ δ, thus there are 4 free parameters related to the cosmic-ray
propagation: Zh, D0, δ and Va. Two additional parameters γp1 and γp2 are introduced for
the power-law indices of the primary source terms. The break in rigidity of the primary
source is fixed at ρps = 104 MV. In the GALPROP code, the primary nuclei source term is
normalized in such a way that the proton flux Np at a reference kinetic energy Ekin =100 GeV
is reproduced. We find Np = 4.83± 0.02 cm−2sr−1s−1MeV−1 from interpolating the AMS-02
proton flux data at 100 GeV. The solar modulation amplitude φ which affects the low energy
spectra of the cosmic ray particles correlates strongly with the power-law index γp1. Fitting
both φ and γp1 simultaneously will significantly slow down the convergence of the MCMC
sampling. Thus, in this work we fix the value of φ at φ = 550 MV. As a cross check, after
the global fit, we performed a number of fits with other choices of φ. The result shows that
the lowest χ2 corresponds to φ ≈ 542 MV, which is close to the value we adopted. Thus in
total there are 6 free parameters

θ = {Zh, D0, δ, Va, γp1, γp2}. (4.2)

The priors of all the parameters are chosen to be uniform distributions according to eq. (3.4)
with the prior intervals shown in table 2.

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 [53] 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 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 [57]. In total 2.6×104 samples were obtained from the MCMC scan.
The results of the best-fit values, statistical mean values, standard deviations and allowed
intervals at 95% confidence level (CL) for these parameters are summaried in table 2. For a
comparison, we also list the allowed ranges determined from a previous analysis in ref. [24]
which is based on the data prior to AMS-02 such as the B/C ratio from HEAO-3 [58], ATIC-
2 [59] and CREAM-1 [60], the data of 10B/9Be from ACE [61], and the data of Carbon and
Oxygen nuclei fluxes from ACE [62]. For an estimate of the goodness-of-fit, we evaluate the
χ2 function which is defined as χ2 = −2 lnL. Using the best-fit parameters, we find that in
total χ2 = 49.0 in which the contribution from B/C is 6.1 and that from proton flux is 42.9.
Thus χ2/dof = 49.0/112 which indicates a good agreement with the data.

As it can be seen from the table, although the fitting strategy is quite different, the
parameters determined by the AMS-02 data are similar to that in ref. [24], but the uncer-
tainties in the parameters are significantly smaller. For instance, the ratio D0/Zh is found
to be

D0

Zh
= (2.00± 0.07) cm2s−1kpc−1. (4.3)

The uncertainty is within 5%, which is mostly constrained by the B/C data. Note that a
relatively small halo height is favoured by the AMS-02 data

Zh = 3.3± 0.6 kpc. (4.4)
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Quantity Prior Best-fit Posterior mean and Posterior 95% Ref. [24]

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

Table 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 [24]. The value of D0/Zh in the parentheses
is obtained from [24] using a naive combination of D0 and Zh without considering the correlation.

Compared with Zh = 5.4 ± 1.4 kpc obtained in ref. [24], the value of Zh from this work is
∼ 40% lower with the uncertainty smaller by a factor of two. A previous MCMC fit based
on the two-zone diffusion model gives Zh = 8+8

−7 kpc [23].
While the ratio D0/Zh is sensitive to the B/C ratio, the absolute value of Zh is more

sensitive to the proton flux. For an illustration of the Zh dependence, it is useful to define a
relative deviation of an observable ψ(D0, Zh) from a reference value ψ(D̂0, Ẑh) as follows

ε1(D0, Zh) ≡ ψ(D0, Zh)− ψ(D̂0, Ẑh)

ψ(D̂0, Ẑh)
, (4.5)

where ψ can be the proton flux or the B/C flux ratio. We choose D̂0 and Ẑh to be the
best-fit value of the diffusion coefficient and the halo half-height listed in table 2. Using
the GALPROP code, we show in figure 1 how the value of ε1(D0, Zh) changes with Zh
for the proton flux and B/C flux ratio, under the constraint that D0/Zh = D̂0/Ẑ0, at a
reference kinetic energy Ekin = 24.2 GeV/n with all the other parameters fixed at their best-
fit values listed in table 2. The option proton norm flux=0 is used to prevent the GALPROP
code from automatically normalizing the proton flux to Np. If there exists an exact D0/Zh
degeneration, it is expected that ε1(D0, Zh) is vanishing for all the value of Zh. However, as
shown in the upper panels of figure 1, the proton flux decreases by ∼ 9% in the Zh interval
2.2–4.2 kpc for Rh = 20 kpc. The decrease of the proton flux with an increasing Zh is
consistent with eq. (2.18). The uncertainties in the data of the proton flux are dominated
by the systematic uncertainties in the acceptance (∼ 2.8%), trigger efficiency (∼ 1.0%) and
proton track efficiency (∼ 1.0%) [28]. The total systematic uncertainty added up together is
∼ 3.1%, which is also shown in figure 1 for a comparison. One can see that such a precision
measurement on the proton flux can place an useful constraint on Zh. On the other hand,
the Zh dependence of the B/C ratio is relatively small. The β-decay of 10Be → 10B may
introduce another Zh dependence in the B/C ratio, as discussed in ref. [23]. The uncertainty
in the data of the B/C ratio is ∼ 4% at Ekin ∼ 20 GeV/n [27], which is less stringent in
constraining the value of Zh.

In this work, we fix the value of R = 20 kpc in order to facilitate the comparisons with
other analyses, especially that in refs. [23, 24]. It is anyway useful to examine whether the
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Figure 1. Upper panels) Relative deviation ε1 of proton flux (upper left) and B/C ratio (upper right)
as a function of the halo half-height Zh at the kinetic energy Ekin = 24.2 GeV/n, for three choices
of Rh = 15, 20 and 30 kpc, respectively. The ratio D0/Zh and other parameters are fixed at their
best-fit values given in table 2. The spatial distribution of the primary source is taken from eq. (2.6).
The calculation is done using the GALPROP code. The horizontal bands represent the uncertainties
of the AMS-02 data at around 20 GeV [28]. Lower panels) The same as in the upper panels, but with
an uniform distribution of the primary source term.

Zh dependence of the related observables can be affected by different choices of Rh and the
spatial distributions of the primary source term. In figure 1, we also show the results for
Rh = 15 and 30 kpc, respectively. In all the three cases, it is found that the value of ε1 is
nonvanishing and depends on Zh. For a larger Rh = 30 kpc, the changes in ε1 for proton flux
are slightly smaller, while for a smaller Rh = 15 kpc, the changes in ε1 are larger and can reach
∼ 11% in the Zh interval 2.2–4.2 kpc. The changes in the value of ε1 in the B/C flux ratio
follow the similar trend. The spatial distribution of the primary source can be determined
by independent observables such as the Galactic diffuse γ-rays. In the GALPROP code, the
source distribution is adopted to reproduce the Fermi-LAT γ-ray data of the 2nd Galactic
quadrant [36]. For a comparison, we consider a simplified case where the primary source
is uniformly distributed along the R-direction. The corresponding results on the variation
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of ε1 are shown in the lower panels of figure 1. One can see that the Zh dependences are
more significant than the case where the source term is described by eq. (2.6). These results
suggest that the breakdown of the D0/Zh degeneracy by the proton flux may be a generic
feature of the two-dimensional diffusion models.

Complementary constraints on Zh can be obtained from the synchrotron emission of
the Galaxy [63–66]. The conclusion inevitably depends on the assumption on the strength
and distribution of the Galactic magnetic field B which are largely unknown. Assuming an
uniform B = 6.5 µG, it was found that 1 kpc . Zh . 15 kpc in the two-zone diffusion
model [65]. A GALPROP based calculation with a spatial-dependent B field and including
an anisotropic component favoured a halo size around 10 kpc [64]. An analysis using the
DRAGON code with spatial-dependent Dxx and B favoured Zh & 6 kpc [63]. Using the
low energy electron/positron flux, is was found that the PAMELA data disfavoured Zh .
3 kpc [67]. But significant uncertainties can arise from dealing with the effects of the solar
modulation.

The determined power-law index in the diffusion term is δ = 0.29±0.01 which is smaller
than δ ≈ 0.7 from the analysis based on the two-zone diffusion model [68], but is consistent
with 0.31± 0.02 from the previous GALPROP based global fit [24] and is very close to 1/3
from the Kolmogorov-type spectrum. Since the prior range for δ is set to be 0.1–0.6 which is
much wider than the favoured range of δ at 95% CL, the determined value of δ is insensitive
to the choice of prior distribution. The power-law indices of the nuclei source term are found
to be γp1 = 1.78± 0.01 and γp2 = 2.45± 0.01, respectively. As emphasized in section 2, the
low energy spectrum of the proton flux can be used to lift the degeneracy between γp2 and δ.
Similar to the quantity ε1, one can define a relative change in the proton flux as a function
of γp2 and δ as follows

ε2(γp2, δ) ≡
ψ(γp2, δ)− ψ(γ̂p2, δ̂)

ψ(γ̂p2, δ̂)
, (4.6)

where γ̂p2 and δ̂ are the best-fit values given in table 2. We show in the left panel of figure 2

the value of ε2(γp2, δ) as a function of δ, under the constraint γp2 +δ = γ̂p2 + δ̂ = 2.74. If there
exists an exact degeneracy in γp2 and δ, it is expected that ε2 will be vanishing. However,
as can be seen from figure 2, at Ekin = 24.2 GeV, the value of ε2 is not vanishing, and the
change in ε2 is more than ∼ 10% when δ increases from 0.265 to 0.315. At higher energies
Ekin = 103 and 700 GeV, the changes in ε2 become smaller, which is consistent with the fact
that the proton energy spectrum is closer to a single power law at high energies. A stronger
ε2 dependence is found in the B/C flux ratio as shown in the right panel of figure 2, which
indicates that the value of δ can be constrained by the B/C ratio.

Based on the MCMC samples, the contours of allowed regions at 68% and 95% CL
for a selection of propagation parameters are shown in figure 3. Some of the determined
parameters are strongly correlated. For instance, D0/Zh is negatively correlated with δ,
which is expected from the analytical solution of eq. (2.16). The parameter δ is negatively
correlated with γp1 and γp2, which is also consistent with eq. (2.16), as the sum δ + γp1(γp2)
should roughly reproduce the observed proton energy spectrum at low (high) energies. The
Alfvèn speed Va is found to be positively correlated with D0/Zh, which can be understood
from the definition of the re-acceleration term in eq. (2.3). Less pronounced correlations are
found between parameters Va and γp1,p2. The one-dimensional marginal posterior PDFs for
some of the parameters are shown in figure 4. In the figure, the best-fit values, mean values
with standard deviations are also shown.
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Figure 2. Left) Relative deviation ε2 of proton flux as a function of the power law index δ in the
diffusion coefficient, under the condition γp2 + δ = 2.74, for three values of kinetic energy Ekin = 24.2,
130, and 700 GeV/n, respectively. Other parameters are fixed at their best-fit values given in table 2.
The calculations are done using the GALPROP code. The horizontal band represents the uncertaintie
of the AMS-02 data at around 20 GeV [28]. Right) The same as Left but for the B/C flux ratio.

Figure 5 shows the fitted spectra of the proton flux and B/C ratio, and the predicted
antiproton fluxe, antiproton/proton ratio and 10Be/Be ratio using the parameters allowed
within 95% CL. The AMS-02 data on proton flux and B/C ratio are well reproduced by
the GALPROP DR models. Although the Zh is determined purely by the proton flux, the
predicted 10Be/Be ratio is consistent with the data of ACE [61] and ISOMAX [69]. The
predicted antiproton fluxes are consistent with the PAMELA data only for the kinetic ener-
gies above 10 GeV. At lower energies, the predicted antiproton flux is about 40% lower than
the data of PAMELA and BESS-Polar II, which is a typical feature of the DR models in
GALPROP [46]. The low energy antiproton spectrum can be correctly reproduced if one
constructs sophisticated GALPROP models with a flattening of the diffusion coefficient to-
gether with a convection term and a break in the injection spectrum [46]. Another possibility
is that the solar modulation may have a charge sign dependence, namely, the modulation for
antiprotons is different from that of protons.

5 Positron fraction from DM annihilation

Recently the measurement of the positron fraction was extended to the energy range up to
500 GeV by AMS-02 [2]. For the first time, it was shown that the positron fraction stops to
increase with energy at ∼ 270 GeV. The spectral features of the positron fraction such as the
rate of increase with energy, the energy beyond which it ceases to increase and the rate at
which it falls beyond the turning point are of crucial importance in distinguishing the DM
models. Since the uncertainties in the propagation parameters affect the calculations of both
the background and the DM contribution in the positron fraction, it is necessary to consider
this uncertainty in deriving the properties of DM particles from the positron excess.

We first investigate the predicted positron fraction for the case of background only.
The result is shown in figure 5, where we have chosen a reference electron primary source
with two breaks at ρe1 = 4 GV and ρe2 = 86.8 GV, and three power law indices between

– 13 –



J
C
A
P
0
9
(
2
0
1
5
)
0
4
9

[kpc]
h

Z
2 3 4 5 6 7

]
­1

k
p
c

­1
s

2
c
m

2
8

[1
0

h
/Z

0
D

1.6

1.7

1.8

1.9

2

2.1

2.2

2.3

2.4

[kpc]
h

Z
2 3 4 5 6 7

δ

0.25

0.26

0.27

0.28

0.29

0.3

0.31

0.32

0.33

0.34

]­1kpc­1s2cm28[10
h

/Z0D
1.6 1.7 1.8 1.9 2 2.1 2.2 2.3 2.4

δ

0.25

0.26

0.27

0.28

0.29

0.3

0.31

0.32

0.33

0.34

[kpc]
h

Z
2 3 4 5 6 7

]
­1

[k
m

 s
A

v

40

42

44

46

48

50

]­1kpc­1s2cm28[10
h

/Z0D
1.6 1.7 1.8 1.9 2 2.1 2.2 2.3 2.4

]
­1

[k
m

 s
A

v

40

42

44

46

48

50

δ

0.25 0.27 0.29 0.31 0.33

]
­1

[k
m

 s
A

v

40

42

44

46

48

50

[kpc]
h

Z
2 3 4 5 6 7

p
1

γ

1.72

1.74

1.76

1.78

1.8

1.82

]­1kpc­1s2cm28[10
h

/Z0D
1.6 1.7 1.8 1.9 2 2.1 2.2 2.3 2.4

p
1

γ

1.72

1.74

1.76

1.78

1.8

1.82

δ
0.25 0.27 0.29 0.31 0.33

p
1

γ

1.72

1.74

1.76

1.78

1.8

1.82

]­1[km sAv
40 42 44 46 48 50

p
1

γ

1.72

1.74

1.76

1.78

1.8

1.82

[kpc]
h

Z
2 3 4 5 6 7

p
2

γ

2.41

2.42

2.43

2.44

2.45

2.46

2.47

]­1kpc­1s2cm28[10
h

/Z0D
1.6 1.7 1.8 1.9 2 2.1 2.2 2.3 2.4

p
2

γ

2.41

2.42

2.43

2.44

2.45

2.46

2.47

δ
0.25 0.27 0.29 0.31 0.33

p
2

γ

2.41

2.42

2.43

2.44

2.45

2.46

2.47

]­1[km sAv
40 42 44 46 48 50

p
2

γ

2.41

2.42

2.43

2.44

2.45

2.46

2.47

p1
γ

1.72 1.74 1.76 1.78 1.8 1.82

p
2

γ

2.41

2.42

2.43

2.44

2.45

2.46

2.47

Figure 3. 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).

the breaks: γe1 = 1.46, γe2 = 2.72 and γe3 = 2.49, respectively. The shaded bands in the
figure correspond to the variation of the propagation parameters within 95% CL. The figure
shows that the typical uncertainties in the positron fraction can reach a factor of two in the
background-only case. Clearly, at energies above ∼ 20 GeV, the positron fraction cannot
be explained by the background even after including the uncertainties of the propagation
parameters, which calls for exotic contributions such as halo DM annihilation.

We then include the DM contribution and add the AMS-02 data of positron fraction
into a similar global Bayesian fit detailed in section 3 to determine the DM particle mass
mχ and annihilation cross section 〈σv〉 for various DM annihilation channels. The major
propagation parameters such as Zh, D0/Zh, Va, δ, γp1 and γp2 are also allowed to vary freely
as nuisance parameters in the fit. In order to avoid the uncertainties related to the modelling
of Solar modulation, only the positron fraction data with kinetic energy above 20 GeV are
included in the fit. For the four typical DM annihilation channels χχ̄ → 2µ, 4µ, 2τ and 4τ
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Figure 4. One-dimensional marginalized posterior PDFs for propagation parameters Zh, D0/Zh, δ,
Va, γp1, γp2. In each panel, the horizontal bar indicates the 1σ- and 2σ-standard deviations, with
vertical line indicating the statistic mean value. The best-fit value is shown as red plus.

with the Einasto DM profile, we find the following results

2µ : mχ = 507± 30 GeV, 〈σv〉 = (1.72± 0.14)× 10−24 cm3s−1,

4µ : mχ = 903± 50 GeV, 〈σv〉 = (3.28± 0.24)× 10−24 cm3s−1,

2τ : mχ = 1076± 100 GeV, 〈σv〉 = (1.03± 0.10)× 10−23 cm3s−1,

4τ : mχ = 1964± 224 GeV, 〈σv〉 = (2.06± 0.23)× 10−22 cm3s−1. (5.1)

The allowed regions in the (mχ, 〈σv〉) plane at 99% CL are shown in figure 6. The cor-
responding values of χ2/d.o.f which indicate the goodness-of-fit are 2.92 (2µ), 2.16 (4µ),
1.44 (2τ) and 1.27 (4τ), respectively. In figure 7, we show the predicted positron fraction
for the four typical DM annihilation channels with the Einasto DM profile. The band in
each plot indicates the uncertainties due to both the DM parameters and the propagation
parameters at 95% CL. One can see from the the figure that for the channels with µ final
states the predicted spectra are too hard to fit the AMS-02 data at high energies. Thus the τ
final states are favoured over µ final states by the AMS-02 data. However, the cross sections
for τ final states are very large and in strong tension with the gamma-ray bound from the
dwraf spheroid satellite galaxies of the Milky Way [75] as can be seen from the figure. These
result are consistent with our previous work using the earlier AMS-02 data and a set of fixed
backgrounds [11].

6 Antiproton flux from DM annihilation

Compared with cosmic-ray electrons, which loss energy quickly due to the inverse Compton
scattering and synchrotron radiation, the cosmic-ray protons lose much less energy in the
propagation process. Thus they can travel across a longer distance in the galaxy before
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Figure 5. 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 [28], PAMELA [29]
and CREAM [70] are also shown. (Upper right) the fitted spectra of B/C ratio. The data of AMS-
02 [27], ACE [71], CREAM [60] and HEAO-3 [58] are also shown. (Middle left) the prediction for the
antiproton flux at 95% CL. The data of PAMELA [72] and BESS-Polar II [73] are shown. (Middle
right) the prediction for the antiproton to proton flux ratio at 95% CL. The data of PAMELA [74] are
shown. (Lower left) the prediction for 10Be/9Be flux ratio, the data of ACE [61] and ISOMAX [69]
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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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 [75].

arriving at the detectors, which makes the proton/antiproton fluxes more sensitive to the
propagation parameters.

In the previous section, we have shown that with the current AMS-02 data the important
propagation parameters such as D0/Zh and Zh can be determined with better precisions,
which is useful in improving the predictions for the cosmic-ray antiproton fluxes induced
from DM interactions. In this section, we estimate the uncertainties in the prediction 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 uncertainties 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 table 3, and the corresponding fluxes for different
types of DM profiles are shown in figure 8. 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) [22]. Such a
significant improvement is related to the precision AMS-02 data on the B/C ratio. Figure 8
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).

7 Dark matter properties from current and future antiproton data

Taking into account the uncertainties of all the propagation parameters, one can derive con-
servative constraints on the properties of DM particles from the current PAMELA data and
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Figure 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.

parameters Min Med Max

Zh(kpc) 1.8 3.2 6.0

D0/Zh 1.96 2.03 1.77

δ 0.30 0.29 0.29

Va(km · s−1) 42.7 44.8 43.4

γp1 1.75 1.79 1.81

γp2 2.44 2.45 2.46

Table 3. Three reference propagation models selected from the set of propagation models allowed
within 95% CL by the AMS-02 data, corresponding to the minimal, median and maximal antiproton
fluxes from DM annihilating into bb̄. The parameter D0/Zh is in units of 1028cm2 · s−1kpc−1.

make projections for the sensitivity of the upcoming AMS-02 antiproton measurement. Some
previous analyses based on simplified assumptions of fixed background or allowing part of the
propagation parameters to vary can be found in refs. [76–79]. In the Bayesian approach, it is
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Figure 8. Prediction for the antiproton fluxes resulting from DM particle annihilating into bb̄ final
states in the three propagation models listed in table 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) [40],
Isothermal (upper right) [41], Moore (lower left) [42, 43] and Einasto (lower right) [44]. The mass of
the DM particle is 130 GeV and the annihilation cross section is fixed at 〈σv〉0 = 3× 10−26 cm3s−1.

straightforward to consider the uncertainties and correlations of the propagation parameters
consistently, as the posterior PDFs of the propagation parameters obtained in section 4 can
be used as the prior PDFs in the subsequent Bayesian analysis. The inclusion of the new
data will also update the “degree of believe” of these parameters, as well as constrain the
new parameters related to the properties of DM particles. In the case of DM annihilation,
the new parameter set related to DM annihilation is θ′ = {〈σv〉,mχ}. The new data set of
cosmic-ray antiproton is D′ = {DPAM

p , DPAM
p̄/p }, where DPAM

p (DPAM
p̄/p ) stands for the data of

antiproton flux (antiproton to proton flux ratio) from PAMELA. The posterior PDF for the
parameter set θ′ can be written as

P (θ′,θ|D′) =
L(D′|θ′,θ)π(θ′)π̃′(θ)∫
L(D′|θ′,θ)π(θ′)π̃(θ)dθ′dθ

, (7.1)

where π̃(θ) is the prior PDF of the propagation parameter set θ defined in eq. (4.2), which has
been updated from uniform distributions after considering the constraints from the AMS-02
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data set D in eq. (4.1), i.e., π̃(θ) = P (θ|D), where P (θ|D) is calculated using the Bayes’s
theorem in eq. (3.1).

7.1 Constraints on DM properties from PAMELA antiproton data

We consider several reference DM annihilation channels χ̄χ→ X where X = bb̄, tt̄, W+W−,
Z0Z0 and hh. The energy spectra of these channels are all similar at high energies. The
main difference is in the average number of total antiprotons NX per DM annihilation of each
channel. For a DM particle mass mχ = 500 GeV, the values of NX for typical final states are
Nqq̄ = 2.97 (q = u, d), Nbb̄ = 2.66, Ntt̄ = 3.20, NWW = 1.42, NZZ = 1.48, and Nhh = 2.18,
respectively. Note that some of them are related. For instance, Nhh ≈ 2Nbb̄ · Br2(h→ bb̄).

We include the data of antiproton flux and antiproton-to-proton flux ratio from the
current PAMELA experiment [72, 74]. To avoid the complicities involved in modelling the
effect of solar modulation, we only include the data points with antiproton kinetic energy
E > 10 GeV. In total 8 (7) data points from antiproton flux (antiproton-to-proton flux ratio)
are included in the analysis. The DM profile is chosen to be Einasto as a benchmark profile.
Note that changes in the results with other DM profiles can be estimated from figure 8. For
instance, the limits obtained for Isothermal and NFW are expected by to be slightly weaker
and that for the Moore profile should more stringent.

We use the method described in eq. (7.1) to obtain the upper limits on 〈σv〉 for a give
value of mχ, which takes into account of the uncertainties in the propagation parameters.
Figure 9 shows the results of upper limits on the annihilation cross sections at 95% CL. The
one-side 95% CL upper limit is defined as the value of the quantity below where 95% of the
MCMC samples are found, which corresponds to the value 0.95 of the cumulative distribution
function. When the uncertainties in the propagation parameters are included, the upper
limits obtained are always above the typical thermal cross section 〈σv〉0 for the mass range
mχ ≈ 10 GeV–1 TeV. For bb̄ final state, the most stringent limit is 〈σv〉 . 10−25 cm3s−1

at mχ ≈ 70 GeV. For TeV scale DM particle, the upper limits are around 10−24 cm3s−1

for all the channels. For a comparison, in figure 9 we also show the upper limits on the
bb̄ and W+W− channels obtained from the Fermi-LAT gamma-ray data of dwarf satellite
galaxies of the Milky Way [80]. One can see from the figure that when the uncertainties in
the propagation parameters are considered, the upper limits from the PAMELA bb̄ data are
slightly more stringent that from the gamma-ray data.

7.2 Projected AMS-02 sensitivity

The forthcoming AMS-02 data on the antiproton flux is eagerly awaited. The AMS-02 de-
tector has a high rejection power to distinguish antiprotons from protons, which is extremely
helpful in identifying small excesses in the antiproton fluxes. In this section, we investigate
the prospect for AMS-02 on reconstructing the property of DM particle in the case where
an excess in the cosmic-ray antiproton flux over the conventional astrophysical background
is identified in the forthcoming AMS-02 antiproton data.

We generate mock data of antiproton flux according to the specifications of the AMS-02
detector for the case of an astrophysical background plus a contribution from DM annihilation
into bb̄ final states. The binning of the kinetic energy spectrum of the antiproton flux is based
on the rigidity resolution of the AMS-02 detector which is obtained through fitting to the
figure 2 of ref. [81]

∆R

R
= 0.000477×R+ 0.103. (7.2)
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Figure 9. Left) upper limits on the cross sections for DM particle annihilating into bb̄, W+W−,
Z0Z0, hh and tt̄ final states at 95% CL with the uncertainties in the propagation models taken into
account. The DM halo profile is assumed to be Einasto. The horizontal line indicates the typical
thermal DM annihilation cross section 〈σv〉0 = 3 × 10−26 cm3s−1. The upper limits on the bb̄ and
W+W− channels from the Fermi-LAT 6-year gamma-ray data of dwarf spheroidal satellite galaxies
of the Milky Way are also shown [75]. Right) the same as left, but for the mock data corresponding
to the AMS-02 three-year data taking, assuming background only.

This value is for the observed event tracks hitting on both layer-1 and layer-9 of the AMS-02
silicon tracker. The rigidity resolution reaches 100% for R ≈ 1.9 TV, which roughly sets the
upper limit on the proton/antiproton rigidity that can be measured by the AMS-02 detector.
The relation between the resolution of the kinetic energy T and that of the rigidity reads

∆T

T
=

(
T + 2mp

T +mp

)
∆R

R
, (7.3)

where mp is the proton mass. The expected number of antiprotons N in the i-th kinetic
energy bin with kinetic energy Ti for an exposure time ∆t is given by

N = εa(Ti)φ(Ti)∆Ti∆t, (7.4)

where ε is the efficiency of the detector, a(Ti) is the acceptance for antiproton at kinetic
energy Ti, φ(Ti) is the expected antiproton flux, and ∆Ti is the width of the i-th kinetic
energy bin. From ref. [82], the acceptance is a(T ) ≈ 0.147 m2 for 1 GeV ≤ T ≤ 11GeV and
a(T ) ≈ 0.03 m2 for 11 GeV ≤ T ≤ 150 GeV. For T ≥ 150 GeV, the acceptance drops very
quickly with increasing kinetic energy. In numerical calculations, we interpolate the values
of a(T ) from figure 8 of ref. [82]. The efficiency is assumed to be a constant ε = 0.9 in this
work. Due to the geomagnetic effects, the value of ε becomes very low at kinetic energies
below 1 GeV [83], we thus only consider the mock data above 1 GeV.

Under the assumption that the distribution of the observed antiproton events is Pois-
sonian, the statistic uncertainty in N observed events is ∆N =

√
N . Thus the statistic

uncertainty in the flux φ(Ti) is

∆φ(Ti)sta =

√
φ(Ti)

εa(Ti)∆Ti∆t
. (7.5)

The systematic uncertainties may have various sources, such as the misidentification of back-
ground protons and electrons as antiprotons. The AMS-02 detector has a rejection power
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of p : p̄ ∼ 105–106 for protons and e− : p̄ ∼ 103–104 for electrons. At multi-GeV energy
region, the flux ratios of p/p̄ and e−/p̄ are ∼ 104 and ∼ 102 respectively. Thus the system-
atic uncertainty can reach ∼ 1–10%. In this work, we take the systematic uncertainty to be

∆φsys = 8%. The total uncertainty is ∆φ(Ti) =
√

∆φ(Ti)2
sta + ∆φ2

sys.

In figure 10, we show the mock data of the projected AMS-02 antiproton flux with 3-year
data taking. The antiproton background is generated according to the best-fit propagation
parameters listed in table 2. We assume that the DM particles annihilate into bb̄ final
states with a typical thermal cross section 〈σv〉0 = 3 × 10−26 cm3s−1 for different masse
mχ = 10, 100, 250 and 500 GeV, respectively, and the cases of large cross sections 〈σv〉 =
1 and 3 × 10−25 cm3s−1 for a large mχ = 500 GeV. The halo DM profile is assumed to be
Einasto. As can be seen from the figure, only in the cases where a light 10 GeV DM particle
with typical thermal cross section or a heavy 500 GeV DM particle with a large cross section,
the DM contribution can lead to a visible change in the antiproton flux. However, it is
still possible that a tiny change in the spectrum of antiproton flux can be identified by the
AMS-02 experiment. We first consider the case without DM contribution, i.e., the future
AMS-02 data is consistent with the background. In this case, upper limits can be derived as
a function of mχ as it is done for the PAMELA data. We follow the same treatment to apply
a 10 GeV cut to the mockdata as in the case of PAMELA. The result as shown in the right
panel of figure 9 indicates that much stronger limits can be obtained for the AMS-02 three-
year data taking, which can be compatible with that from the current Fermi-LAT gamma
data. We then investigate the reconstruction capability for two specific cases in the Einasto
and NFW profiles. In one case the DM annihilation cross section is fixed to the standard
thermal cross section, i.e., 〈σv〉 = 〈σv〉0 and the DM particle mass is allowed to vary in the
range ∼ 10–500 GeV. In figure 11, we show the results of the reconstruction for mχ = 10,
30, 50, 100, 250 and 500 GeV, respectively. The figure shows that for mχ . 100 GeV, the
annihilation cross section can be reconstructed with uncertainties about a factor of two for
both Einasto and NFW profiles. For a fixed annihilation cross section, the reconstruction
becomes difficult for heavier DM particle, as the source term is suppressed by m2

χ. As shown
in figure 11, when mχ > 250 GeV, only an upper limit is obtained from the mock data. In
the other case, the DM particle mass mχ is fixed at 500 GeV and 〈σv〉 differs significantly
from 〈σv〉0. For large annihilation cross sections 〈σv〉 = 1× 10−25 cm2 and 3× 10−25 cm2, we
find that the cross section can still be well reconstracted with uncertainty typically about a
factor of two. In both the cases, we find that the DM particle mass can be well reconstructed
with uncertainties less than ∼ 30%.

8 Conclusions

The AMS-02 experiment is measuring the spectra of cosmic-ray nuclei fluxes with unprece-
dented accuracies, which is of crucial importance in understanding the origin and propagation
of the cosmic rays and searching for dark matter. We have performed a global Bayesian anal-
ysis of the constraints on the cosmic-ray propagation models from the recent AMS-02 data on
the ratio of Boron to Carbon nuclei and proton flux with the assumption that the primary
source is a broken power law in rigidity. The analysis is based on the method of MCMC
sampling. The result has shown that the propagation parameters can be well determined by
the AMS-02 data alone. For instance, the ratio of the diffusion coefficient to the diffusive halo
height is found to be D0/Zh ' 2.0 cm2s−1kpc−1 with uncertainty less than 5%. The best-fit
value of the halo width is Zh ' 3.3 kpc with uncertainty less than 50%. Other parameters
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Figure 10. Mock data of the projected AMS-02 antiproton flux with 3 years of data taking in
the assumption of DM annihilating into bb̄ final states with a typical thermal cross section 〈σv〉0 =
3 × 10−26 cm3s−1 for DM particle masse mχ = 10, 100, 250, 500 GeV, respectively, and the cases of
large cross sections 〈σv〉 = 1 and 3 × 10−25 cm3s−1 for mχ = 500 GeV. In each plot, the dashed line
represents the contribution from DM only, and the solid line represents the sum of background and
DM contribution. The background is generated from the best-fit propagation parameters shown in
table 2. The halo DM profile is assumed to be Einasto. The mock data with kinetic energy below
1 GeV (shadowed region) is not used for the reconstruction of DM properties due to the geomagnetic
cut off of the detection efficiency.
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Figure 11. (Left) reconstructed allowed regions of DM particle mass and annihilation cross section at
68% and 95% CLs from the mock data of antiproton flux. The mock data correspond to the projected
AMS-02 antiproton flux with 3 years of data taking in the assumption of DM annihilating into bb̄ final
states with a typical thermal cross section 〈σv〉0 = 3×10−26 cm3s−1 for DM particle masses mχ = 10,
30, 50, 100, 250 and 500 GeV, and the cases of large cross sections 〈σv〉 = 1 and 3× 10−25 cm3s−1 for
mχ = 500 GeV. The DM profile is assumed to be Einasto. Right) the same as left, but for the NFW
profile.

such as the Alfvèn speed and the power law indices of the primary sources have also been
determined. Such results can be used to improve the prediction of the antiproton flux from
DM interactions. Using the allowed regions of parameter space, we have estimate the un-
certainties in the positron fraction and antiproton fluxes predicted by DM annihilation. We
have shown that the uncertainty in the predicted positron fraction is within a factor of two
and that in the antiproton flux is within an order of magnitude, which are much smaller than
the estimations in the previous analyses prior to AMS-02. With all the uncertainties and
correlations in the propagation parameters taken into account, we have derived conservative
upper limits on the cross sections for DM annihilating into various standard model final states
from the current PAMELA antiproton data. We have also investigated the reconstruction
capability of the future AMS-02 antiproton data on the DM properties. The result have
shown that if the DM particles are lighter than 100 GeV and the annihilation cross section
is the typical thermal cross section, the annihilation cross section can be well reconstructed
with uncertainties around a factor of two for the AMS-02 three-year data taking.
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