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Anomalies in Cosmic Rays (CRs) 

Effetcs in the data not 
straightforwardly explained  
by state-of-the-art theories 

 Charged particles (and gamma rays) 
of galactic origin 

Here I discuss charged  
particles at GeV - TeV 



Primary and secondary CRs in the Galaxy

Primaries: produced in the sources (SNR and Pulsars) 
H, He, CNO, Fe; e-, e+; possibly e+, p-, d- from Dark Matter annihilation 

Secondaries: produced by spallation of primary CRs (p, He,C, O, Fe) on the 
interstellar medium (ISM): Li, Be, B, sub-Fe, […], (radioactive) isotopes ; e+, p-, d- 

At first order, we understand fluxes at Earth as shaped by  
few, simple, isotropic effects: 

• acceleration in shocked stellar environments (SNR, PWN) 
•particle interactions  between CRs and ISM 
•diffusion of the galactic magnetic fields 
•particle energy losses 



A spectral break in the primary fluxes: p & He   

This verifies that the detector performance is stable over
time and that the flux above 45 GV shows no observable
effect from solar modulation fluctuations for this measure-
ment period. The variation of the proton flux due to solar
modulation will be the subject of a separate publication.
Figure 2(c) shows that the ratios of fluxes obtained using
events which pass through different sections of L1 to the
average flux are in good agreement and within the assigned
systematic errors; this verifies the errors assigned to the
tracker alignment. Lastly, as seen from Fig. 2(d), the flux
obtained using the rigidity measured by only the inner
tracker is in good agreement with the flux measured using
the full lever arm; this verifies the systematic errors
assigned from the unfolding procedures and the rigidity
resolution function for two extreme and important cases.
First, at the inner tracker MDR (∼300 GV) where the
unfolding effects and resolution functions of the inner
tracker and the full lever arm (2 TV MDR) are very
different. Second, at low rigidities (1 to 10 GV) where the
unfolding effects and the tails in the resolution functions of
the inner tracker and full lever arm are also very different
due to large multiple and nuclear scattering.
Most importantly, several independent analyses were

performed on the same data sample by different study
groups. The results of those analyses are consistent with
this Letter.
Results.—The measured proton flux Φ including stat-

istical errors and systematic errors is tabulated in Ref. [25]
as a function of the rigidity at the top of the AMS detector.
The contributions to the systematic errors come from (i) the
trigger, (ii) the acceptance, background contamination,
geomagnetic cutoff, and event selection, (iii) the rigidity
resolution function and unfolding, and (iv) the absolute
rigidity scale. The contributions of individual sources to the
systematic error are added in quadrature to arrive at the total
systematic uncertainty. The Monte Carlo event samples
have sufficient statistics such that they do not contribute
to the errors. Figure 3(a) shows the flux as a function of
rigidity with the total errors, the sum in quadrature of
statistical and systematic errors [26]. In this and the
subsequent figures, the points are placed along the abscissa
at ~R calculated for a flux ∝ R−2.7 [27]. Figure 3(b) shows
the AMS flux as a function of kinetic energy EK together
with the most recent results (i.e., from experiments after the
year 2000).
A power law with a constant spectral index γ

Φ ¼ CRγ ð2Þ

where R is in GV and C is a normalization factor, does not
fit the flux reported in this work [25] and shown in Fig. 3(a)
at the 99.9% C.L. for R > 45 GV. Applying solar modu-
lation in the force field approximation [28] also does not fit
the data at the 99.9% C.L. for R > 45 GV. We therefore fit
the flux with a modified spectral index [29]
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where s quantifies the smoothness of the transition of the
spectral index from γ for rigidities below the characteristic
transition rigidity R0 to γ þ Δγ for rigidities above R0.
Fitting over the range 45 GV to 1.8 TV yields a χ2=d:f: ¼
25=26 with C ¼ 0.4544 % 0.0004ðfitÞþ 0.0037

−0.0047ðsysÞþ 0.0027
−0.0025

ðsolÞ m−2sr−1sec−1GV−1, γ ¼ −2.849 % 0.002ðfitÞþ 0.004
−0.003

ðsysÞþ 0.004
−0.003ðsolÞ, Δγ ¼ 0.133þ 0.032

−0.021ðfitÞþ 0.046
−0.030ðsysÞ %

0.005ðsolÞ, s ¼ 0.024þ 0.020
−0.013ðfitÞþ 0.027

−0.016ðsysÞ
þ 0.006
−0.004ðsolÞ, and

R0 ¼ 336þ 68
−44ðfitÞþ 66

−28ðsysÞ % 1ðsolÞ GV. The first error
quoted (fit) takes into account the statistical and uncorre-
lated systematic errors from the flux reported in this work
[25]. The second (sys) is the error from the remaining
systematic errors, namely, from the rigidity resolution
function and unfolding, and from the absolute rigidity
scale, with their bin-to-bin correlations accounted for using
the migration matrix Mij. The third (sol) is the uncertainty
due to the variation of the solar potential ϕ ¼ 0.50 to
0.62 GV [30]. The fit confirms that above 45 GV the flux is

Rigidity [GV]

1 10 210 310

]
1.

7
 G

V
-1

se
c

-1
sr

-2
  [

m
2.

7
R~  ×

Fl
ux

 

0

2

4

6

8

10

12

14

310×

AMS-02(a)

)  [GeV]
K

Kinetic Energy (E

1 10 210 310 410

]
1.

7
G

eV
-1

se
c

-1
sr

-2
  [

m
2.

7
K

 E×
Fl

ux
 

AMS-02
ATIC-2
BESS-Polar II
CREAM
PAMELA

(b)

0

2

4

6

8

10

12

14

310×

FIG. 3 (color). (a) The AMS proton flux multiplied by ~R2.7 and
the total error as a function of rigidity. (b) The flux as a function
of kinetic energy EK as multiplied by E2.7

K compared with recent

measurements [3–6]. For the AMS results EK ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
~R2 þ M2
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where Mp is the proton mass.
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performance is stable over time and that the flux above
45 GV shows no observable effect from solar modulation
fluctuations. Figure SM2(c) in Ref. [22] shows that the flux
obtained using the rigidity measured by only the inner
tracker is in good agreement with the flux measured using
the full lever arm. The flux ratio uses the two different event
samples corresponding to the inner tracker acceptance and
to the L1 to L9 acceptance used for the results in this Letter.
This verifies the systematic errors from the acceptance, the
unfolding procedure, and the rigidity resolution function
for two extreme and important cases. First, at the MDR of
the inner tracker, 0.55 TV, where the unfolding effects and
resolution functions of the inner tracker and the full lever
arm are very different. Second, at low rigidities (2 to
10 GV) where the unfolding effects and the tails in the
resolution functions of the inner tracker and full lever arm
are also very different due to multiple and nuclear scatter-
ing. Figure SM2(d) in Ref. [22] shows the good agreement
between the flux obtained using the rigidity measured by
tracker L1 to L8, MDR 1.4 TV, and the full lever arm, MDR
3.2 TV, again using different event samples, thus verifying
the systematic errors on the rigidity resolution function
over the extended rigidity range.
Most importantly, several independent analyses were

performed on the same data sample by different study groups.
The results of those analyses are consistent with this Letter.
Results.—The measured He flux Φ including statistical

errors and systematic errors is tabulated in Ref. [22],
Table I, as a function of the rigidity at the top of the
AMS detector. The contributions to the systematic errors
come from (i) the trigger, (ii) the geomagnetic cutoff,
the acceptance, and background contamination, (iii) the
rigidity resolution function and unfolding which take into
account the small differences between the two unfolding
procedures described above, and (iv) the absolute rigidity
scale. The contribution of individual sources to the sys-
tematic error are added in quadrature to arrive at the total
systematic uncertainty. The Monte Carlo event samples
have sufficient statistics such that they do not contribute
to the errors. Figure 1(a) shows the flux as a function of
rigidity with the total errors, the sum in quadrature of
statistical and systematic errors [25]. In this and the
subsequent figures, the points are placed along the abscissa
at ~R calculated for a flux ∝ R−2.7 [26]. Figure 1(b) shows
the AMS flux as a function of kinetic energy per nucleon
EK together with the most recent results (i.e., from experi-
ments after the year 2000).
A power law with a constant spectral index γ,

Φ ¼ CRγ; ð2Þ

where R is in GV and C is a normalization factor, does not
fit the flux reported in this work [22] and shown in Fig. 1(a)
at the 99.9% C.L. for R > 45 GV. Applying solar modu-
lation in the force field approximation [27] also does not fit
the data at the 99.9% C.L. for R > 45 GV. We therefore

fit the flux with a double power law function [8]
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where s quantifies the smoothness of the transition of the
spectral index from γ for rigidities below the characteristic
transition rigidity R0 to γ þ Δγ for rigidities above R0.
Fitting over the range 45 GV to 3 TV yields a χ2=d:f: ¼
25=27 with C¼ 0.0948 % 0.0002ðfitÞ % 0.0010ðsysÞ %
0.0006ðsolÞm−2 sr−1 sec−1GV−1, γ¼−2.780% 0.005ðfitÞ%
0.001ðsysÞ% 0.004ðsolÞ, Δγ ¼ 0.119þ 0.013

−0.010ðfitÞþ 0.033
−0.028ðsysÞ%

0.004ðsolÞ, s ¼ 0.027þ 0.014
−0.010ðfitÞþ 0.017

−0.013ðsysÞ % 0.002ðsolÞ,
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FIG. 1 (color). (a) The AMS helium flux [22] multiplied by ~R2.7

with its total error as a function of rigidity. (b) The flux as a
function of kinetic energy per nucleon EK multiplied by E2.7

K
compared with measurements since the year 2000 [3–6]. For the
AMS results EK ≡ ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 ~R2 þ M2

p
−MÞ=4 where M is the 4He

mass as the AMS flux was treated as containing only 4He. (c) Fit
of Eq. (3) to the AMS helium flux. For illustration, the dashed
curve uses the same fit values but with R0 set to infinity.
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and R0 ¼ 245þ35
−31ðfitÞþ33

−30ðsysÞ % 3ðsolÞ GV. The first error
quoted (fit) takes into account the statistical and uncorre-
lated systematic errors from the flux reported in this work
[22]. The second (sys) is the error from the remaining
systematic errors, namely, from the rigidity resolution
function and unfolding, and from the absolute rigidity
scale, with the bin-to-bin correlations properly accounted.
The third (sol) is the uncertainty due to the variation of the
solar potential ϕ ¼ 0.50 to 0.62 GV [28]. The fit confirms
that above 45 GV the flux is incompatible with a single
spectral index at the 99.9% C.L. The fit is shown in
Fig. 1(c). For illustration, the fit results with R0 set to
infinity are also shown.
We observe that our measured positron fraction [29] and

our measurements of the fluxes for helium, Fig. 1(c), and
protons, [8] Fig. 4(a), all change their behavior at about
the same rigidity. This can also be seen from the similarity
of the R0 for helium and proton fluxes, R0ðprotonsÞ ¼
336þ68

−44ðfitÞþ66
−28ðsysÞ % 1ðsolÞ GV (where the errors have

the same meanings), and the maximum of the positron
fraction E0 ¼ 275 % 32 GeV.
To obtain the detailed variation of γ with rigidity in a

model independent way, the spectral index is calculated
from

γ ¼ d½logðΦÞ'=d½logðRÞ' ð4Þ

over nonoverlapping rigidity intervals above 8.48 GV, see
Ref. [22], with a variable width to have sufficient sensitivity
to determine γ. The results are presented in Fig. 2(a)
together with our measured proton spectral index [8]. As
seen, the magnitude of the helium spectral index is different
from that of the proton spectral index but the rigidity
dependence is similar for helium and protons. In particular,
both spectral indices progressively harden with rigidity
above 100 GV.
To examine the difference between the rigidity depend-

ence of the proton and helium fluxes, the ratio of the proton
flux to the helium flux, or p=He ratio, was computed using
data published in Ref. [8] and those tabulated in Ref. [22],
Table I in the range where they overlap, from 1.9 GV to
1.8 TV. This p=He ratio, including the statistical and
systematic errors of the proton flux [8] and the helium
flux, is tabulated in Ref. [22], Table II. The statistical errors
are the sum in quadrature of the relative statistical errors of
the proton and helium fluxes multiplied by the p=He ratio.
The systematic errors from the trigger and acceptance are
likewise added in quadrature. The correlations in the
systematic errors from the unfolding and the absolute
rigidity scale between the proton and helium fluxes have
been accounted for in calculating the corresponding sys-
tematic errors of the p=He ratio. The contribution of
individual sources to the systematic error are added in
quadrature to arrive at the total systematic uncertainty.
Figure 2(b) shows the AMS measurement with total errors,

the quadratic sum of statistical and systematic errors,
together with other recent measurements.
Above 45 GV the p=He ratio measured by AMS is well

fit with a single power law, Eq. (2), with a χ2=d:f: ¼ 22=29
and a spectral index of γp=He ¼ −0.077 % 0.002ðfitÞ %
0.007ðsysÞ. The first error quoted (fit) takes into account
the statistical and uncorrelated systematic errors from the
flux ratio reported in this work [22], Table II. The second
(sys) is the error from the remaining systematic errors,
namely, from the rigidity resolution function, unfolding and
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FIG. 2 (color). (a) The dependence of the helium and proton [8]
spectral indices on rigidity. (b) The p=He ratio as a function of
rigidity compared with recent measurements [4,6]. The solid blue
curve indicates the fit of a single power law, Eq. (2), to the AMS
data. As seen, above 45 GV the ratio is well described by a single
power law. (c) The rigidity dependence of the p=He spectral
index γp=He as measured by AMS. As seen, γp=He increases up
to about 45 GV. Above 45 GV it becomes constant at γp=He ¼
−0.077 % 0.002ðfitÞ % 0.007ðsysÞ as indicated by the solid blue
line. The dashed blue lines are the total error (the sum in
quadrature of the fit and systematic errors).
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• The flux is not a single power law in energy 
• A spectral break is measured for H, He 

and for heavier nuclei (C, O)

AMS Coll. PRL  114, 2015

AMS Coll. PRL  115, 2015

p

He

A different high energy spectral  
index is measured for H and He 

and R0 ¼ 245þ35
−31ðfitÞþ33

−30ðsysÞ % 3ðsolÞ GV. The first error
quoted (fit) takes into account the statistical and uncorre-
lated systematic errors from the flux reported in this work
[22]. The second (sys) is the error from the remaining
systematic errors, namely, from the rigidity resolution
function and unfolding, and from the absolute rigidity
scale, with the bin-to-bin correlations properly accounted.
The third (sol) is the uncertainty due to the variation of the
solar potential ϕ ¼ 0.50 to 0.62 GV [28]. The fit confirms
that above 45 GV the flux is incompatible with a single
spectral index at the 99.9% C.L. The fit is shown in
Fig. 1(c). For illustration, the fit results with R0 set to
infinity are also shown.
We observe that our measured positron fraction [29] and

our measurements of the fluxes for helium, Fig. 1(c), and
protons, [8] Fig. 4(a), all change their behavior at about
the same rigidity. This can also be seen from the similarity
of the R0 for helium and proton fluxes, R0ðprotonsÞ ¼
336þ68

−44ðfitÞþ66
−28ðsysÞ % 1ðsolÞ GV (where the errors have

the same meanings), and the maximum of the positron
fraction E0 ¼ 275 % 32 GeV.
To obtain the detailed variation of γ with rigidity in a

model independent way, the spectral index is calculated
from

γ ¼ d½logðΦÞ'=d½logðRÞ' ð4Þ

over nonoverlapping rigidity intervals above 8.48 GV, see
Ref. [22], with a variable width to have sufficient sensitivity
to determine γ. The results are presented in Fig. 2(a)
together with our measured proton spectral index [8]. As
seen, the magnitude of the helium spectral index is different
from that of the proton spectral index but the rigidity
dependence is similar for helium and protons. In particular,
both spectral indices progressively harden with rigidity
above 100 GV.
To examine the difference between the rigidity depend-

ence of the proton and helium fluxes, the ratio of the proton
flux to the helium flux, or p=He ratio, was computed using
data published in Ref. [8] and those tabulated in Ref. [22],
Table I in the range where they overlap, from 1.9 GV to
1.8 TV. This p=He ratio, including the statistical and
systematic errors of the proton flux [8] and the helium
flux, is tabulated in Ref. [22], Table II. The statistical errors
are the sum in quadrature of the relative statistical errors of
the proton and helium fluxes multiplied by the p=He ratio.
The systematic errors from the trigger and acceptance are
likewise added in quadrature. The correlations in the
systematic errors from the unfolding and the absolute
rigidity scale between the proton and helium fluxes have
been accounted for in calculating the corresponding sys-
tematic errors of the p=He ratio. The contribution of
individual sources to the systematic error are added in
quadrature to arrive at the total systematic uncertainty.
Figure 2(b) shows the AMS measurement with total errors,

the quadratic sum of statistical and systematic errors,
together with other recent measurements.
Above 45 GV the p=He ratio measured by AMS is well

fit with a single power law, Eq. (2), with a χ2=d:f: ¼ 22=29
and a spectral index of γp=He ¼ −0.077 % 0.002ðfitÞ %
0.007ðsysÞ. The first error quoted (fit) takes into account
the statistical and uncorrelated systematic errors from the
flux ratio reported in this work [22], Table II. The second
(sys) is the error from the remaining systematic errors,
namely, from the rigidity resolution function, unfolding and

) [GV]R
~

Rigidity (

10 210 310

p/
H

e
γ

-0.2

-0.15

-0.1

-0.05

0
(c)

) [GV]R
~

Rigidity (

10 210 310

p/
H

e

3

3.5
4

4.5

5

5.5

6

6.5
7

7.5

8
(b) AMS-02

Fit to Eq. (2)
PAMELA
BESS-Polar

) [GV]R
~

Rigidity (
10 210 310

S
pe

ct
ra

l I
nd

ex

-2.9

-2.8

-2.7

-2.6

-2.5

-2.4

-2.3

(a) AMS-02 He

AMS-02 protons

FIG. 2 (color). (a) The dependence of the helium and proton [8]
spectral indices on rigidity. (b) The p=He ratio as a function of
rigidity compared with recent measurements [4,6]. The solid blue
curve indicates the fit of a single power law, Eq. (2), to the AMS
data. As seen, above 45 GV the ratio is well described by a single
power law. (c) The rigidity dependence of the p=He spectral
index γp=He as measured by AMS. As seen, γp=He increases up
to about 45 GV. Above 45 GV it becomes constant at γp=He ¼
−0.077 % 0.002ðfitÞ % 0.007ðsysÞ as indicated by the solid blue
line. The dashed blue lines are the total error (the sum in
quadrature of the fit and systematic errors).
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See G. Ambrosi’s talk
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FIG. 3. Spectrum of protons in the local ISM compared to observa-
tional data. The spatial dependence of the CR distribution function
is shown in the inset, for energies 10 GeV and 10 TeV.

nonlinearity of the problem, in that the amount of waves pro-
duced by this phenomenon is related to the number density
and gradients of CRs, which are in turn the result of the scat-
tering of CRs on self-generated (or preexisting) waves. The
rate of self-generation and the rate of CR injection by sources
in the Galaxy are clearly related to each other and need be
calibrated to the observed spectrum of CRs.

It is worth noticing that in the near-disc regions, where the
nonlinear cascade has no time to develop down to the small
scales resonant with CR energies, CR scattering is fully de-
termined by self-generated waves. In the distant regions, de-
pending on particle energy, self-generation and nonlinear cas-
cading compete with each other. This competition results in
breaks in the spectra of primary CRs, as a result of both a
complex power spectrum of the turbulence and of the spa-
tial dependence of the diffusion coefficient. These effects
are illustrated in Fig. 1 (solid lines), where one can see that
in the presence of self-generation the power spectrum is en-
riched with power in the high k range, with respect to the
simple cascade from larger spatial scales. In the near disc
region (|z| <⇠ 0.2 kpc), virtually all the power at the resonant
scales with CRs in the energy range below ⇠TeV is due to
self-generation.

In terms of CR transport, these effects are more clearly vis-
ible in Fig. 2: only at very high energies CR scattering is
due to Kolmogorov turbulence (solid and dashed lines over-
lap), while at basically all distances from the disc, scattering
is mainly due to self-generated waves for E  1 TeV.

The spectrum of protons as calculated solving the set of
equations describing CR and wave transport together is plot-
ted in Fig. 3, as compared with data from PAMELA [11],

AMS-02 [12] and CREAM [27] at high energies and Voy-
ager 1 [28] at low energies.

The inset in the same figure shows the spatial dependence
of the solution for two values of energy (10 GeV and 10 TeV),
compared with the linear decrease predicted in the standard
halo model with a halo size H = 4 kpc.

In the range of energies 10 <⇠ T <⇠ 200 GeV/n the self-
generation is so effective as to make the diffusion coefficient
have a steep energy dependence. As a consequence the injec-
tion spectrum that is needed to fit the data is p2 �(p) / p

�2.2,
which is not far from what can be accounted for in terms of
DSA if the velocity of the scattering centers is taken into ac-
count [29]. At lower energies the CR transport becomes dom-
inated by advection with Alfvén waves. In this regime advec-
tion and ionization losses make the spectrum in the disc close
to the injection spectrum.

The CR acceleration efficiency in terms of protons that is
needed to ensure the level of wave excitation necessary to ex-
plain observations, is ✏CR ⇠ 4%, in line with the standard
expectation of the so-called SNR paradigm.

Conclusions – We use a numerical approach to the solution
of the transport equations for particles and waves to show that
the CR halo arises naturally from a combination of the tur-
bulence injected in the Galactic disc and eventually advected
into the halo, and self-generated waves due to the excitation
of streaming instability through CR gradients. This finding
addresses the long standing issue that in the context of the tra-
ditional halo model the CR spectrum observed at the Earth
reflects the free escape boundary condition at the edge of the
halo, imposed by hand.

The turbulent cascade introduces a scale zc ⇡ vAk
2
0/Dkk

below which turbulence is mainly self-generated. At larger
distances the cascade quickly develops and leads to a rough
space dependence of the diffusion coefficient / z

↵ with ↵ >⇠
1. As a consequence, the spectrum in the disc depends on
the scale zc but only weakly on the artificial boundary at z =
±H � zc. Moreover, for typical values of the parameters,
one has zc ⇠ few kpc, and zc plays the role of an effective
size of the halo. The observed spectral break at rigidity ⇠
300 GV also arises naturally, because of a transition from a
diffusion dominated by self-generation (at lower energies) to
a Kolmogorov-like diffusion at higher energies.

As noticed in [18], chemicals heavier than protons can con-
tribute to self-generation (helium nuclei provide a contribu-
tion similar to that of protons, while heavier nuclei account
for about 10% of self-generated waves) and will be included
in future generalizations of this work.

Both the cascade and the self-generation of waves by CRs
are nonlinear processes: the combination of the two leads to
an interpretation of the observed halo as a by-product of a self-
regulation process that is typical of nonlinear phenomena.

The authors are very grateful to Elena Amato for numer-
ous discussions on the topics of the present paper. C.E. ac-
knowledges the European Commission for support under the
H2020-MSCA-IF-2016 action, Grant No. 751311 GRAPES
Galactic cosmic RAy Propagation: an Extensive Study.

Evoli, Blasi, Morlino, Aloisio 2018

Discrepant hardening in p and nuclei  
• Presence of a near source (Genolini et al. 2017)  

• Two SNR populations - old and younger (Tomassetti & FD 2015; Mertsch &Sarkar 2009) 

• Non-isotropic diffusion, i.e. 2-zones diffusion model - D(E,z) (Tomassetti 2012, +)  

• New phenomenon in galactic transport - self-generated waves and disc advection 
   (Blasi+2012, Aloisio, Blasi, Serpico 2015; Evoli+ 2018) 3

the low-energy part of the flux and identified as an SNR
at the latest stage of its evolution. At this stage, the
magnetic turbulence can be substantially damped, and
the shock is possibly weaker, so that softer acceleration
spectra may be expected. On the other hand, for the
Galactic ensemble component, it is expected that a large
contribution to the flux comes from younger SNRs, with
strong shocks, that efficiently accelerate CRs to multi-
TeV energies. This association between flux components
and source properties is motivated by our recent work
in Tomassetti & Donato (2015), where we have shown
that a two-component scenario is able to account for the
positron fraction anomaly in terms of secondary produc-
tion processes occurring in nearby SNRs, with observable
consequences for primary/primary ratios between light
and heavy elements (Tomassetti 2015b). For the aim of
this work, the possible presence of hadronic interactions
inside old SNRs is not strictly relevant. The source terms
are modeled as Spri

j (R) = Yjβ−1 (R/R0)
−ν e−R/Rmax

,
according to the basic DSA mechanisms, where the con-
stants Yj are the normalization factors for the j-type
nuclei at the reference rigidity R0 ≡ 4GV. The cutoff ex-
presses the maximum rigidity attainable by the sources,
taken as Rmax ∼=5PV. The spectral indices are taken as
ν = 2.6 for the nearby SNR component and ν = 2.1
representing the Galactic ensemble. Contrary to our
previous work, the indices ν are now taken as being
elemental independent. The interstellar propagation is
described using analytical calculations of CR diffusion
and interactions (Tomassetti & Donato 2012). The dif-
fusion region is modeled as a cylindrical halo, of half-
thickness L, where the gas nuclei are distributed in a
thin disk, of half-thickness h, with surface density 2h ×

nism=200pc × 1 cm−3. The diffusion coefficient is taken
as spatially homogeneous, K(R) = βK0(R/R0)δ, with
K0/L =0.1/5kpcMyr−1 and spectral index δ =1/2, for
a Iroshnikov-Kraichnan spectrum of interstellar turbu-
lence. With this setting, the B/C ratio is reproduced
well. The diffusion equation is solved for all relevant CR
nuclei after assuming stationarity, boundary conditions
of zero density at ±L, and continuity across the disk.
For each j-type species, the equilibrium flux as function
of energy is of the type φj = βc

4πhSj/(Kj/L + hΓinel
j ),

where Γinel
j = nβcσinel

j is the destruction rate for colli-
sion in the ISM. The term Stot

j represents the sum of the

primary source terms, Spri
j , and a secondary contribu-

tions from the disintegration of heavier k-labeled nuclei,
Ssec
j ≡

4π
c

∑
k>j Γk→jφk. For p and He, the secondary

contribution is small but not completely negligible within
the precision of the data. The nuclear reaction network
is set up as in our previous studies. The heliospheric
propagation is modeled under the force-field approxima-
tion, where the parameter Φ ∼=800MV characterizes the
strength of the modulation effect of the AMS observation
period (Gleeson & Axford 1968).

3. RESULTS AND DISCUSSION

The model predictions for the proton and He spectra
are plotted in Fig. 2 as function of rigidity in compari-
son with the data. The proton flux φp, tuned to repro-
duce the new AMS data, experiences a smooth spectral
hardening at R ! 100GV that is well described in terms
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of transition between the two components: the low-
energy local source component φL

p (short-dashed lines)
and the high-energy component of the Galactic ensem-
ble φG

p (long-dashed lines). The AMS proton data are
∼ 3%–4% lower in normalization in comparison to the
PAMELA data (Adriani et al. 2011). However, as re-
ported recently (Adriani et al. 2014), a re-analysis of the
PAMELA data determined a 3.2% overestimation for the
proton spectrum (and for the p/He ratio). Thus, the re-
sults from the two experiments are consistent in normal-
ization at the ∼ 1% level. Discrepancies at low energies
arise from the different modulation levels, which is par-
tially mitigated in the p/He ratio (Putze et al. 2011). For
a closer inspection of the spectral variation, we compute
differential spectral index γ(R) ≡ d[log(φ)]/d[log(R)].
The functions γp and γHe from the model are shown
in Fig 3 in comparison with the new AMS data. The
model describes very well the smooth evolution of the
spectral index at in the 10–1000GV rigidity range. At
higher rigidities, it can be seen that both species converge
asymptotically to the same value, γG ∼= −νG − δ=−2.6.

Tomassetti 2015
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Most importantly, several independent analyses were
performed on the same data sample by different study groups.
The results of those analyses are consistent with this Letter.
Results.— The measured lithium, beryllium, and boron

fluxes including statistical and systematic errors are reported
in Tables I, II, and III of the Supplemental Material [21] as a
function of the rigidity at the top of the AMS detector.
Figure 1 shows the lithium, beryllium, and boron fluxes

as a function of rigidity with the total errors, the sum in
quadrature of statistical and systematic errors. In this and
the subsequent figures, the points are placed along the
abscissa at ~R calculated for a flux ∝ R−2.7 [29]. As seen, the
Li and B fluxes have an identical rigidity dependence above
∼7 GV and all three secondary fluxes have an identical
rigidity dependence above ∼30 GV. The different rigidity
dependence of the Be flux is most likely due to the
significant presence of the radioactive 10Be isotope [27],
which has a half life of 1.4 MY.
Figure 8 of the Supplemental Material [21] shows the

lithium, beryllium, and boron fluxes as a function of kinetic
energy per nucleon EK together with earlier measurements
[2–11]. Data from other experiments have been extracted

using Ref. [30]. For the AMS measurement EK ¼
ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Z2 ~R2 þ M2

p
−MÞ=A where Z, M, and A are the Li,

Be, and B charge, mass and atomic mass number,

respectively. The atomic mass numbers, averaged by iso-
topic composition obtained from AMS low energy mea-
surements [27], are 6.5 % 0.1 for Li, 8.0 % 0.2 for Be, and
10.7 % 0.1 for B. The systematic errors on the fluxes due to
these uncertainties were added in quadrature to the total
errors.
To examine the rigidity dependence of the fluxes,

detailed variations of the flux spectral indices with rigidity
were obtained in a model-independent way. The flux
spectral indices γ were calculated from

γ ¼ d½logðΦÞ'=d½logðRÞ'; ð2Þ

over rigidity intervals bounded by 7.09, 12.0, 16.6, 22.8,
41.9, 60.3, 192, and 3300 GV. The results are presented in
Fig. 2 together with the spectral indices of helium, carbon,
and oxygen [14]. As seen, the magnitude and the rigidity
dependence of the lithium, beryllium, and boron spectral
indices are nearly identical, but distinctly different from the
rigidity dependence of helium, carbon, and oxygen. In
addition, above ∼200 GV, Li, Be, and B all harden more
than He, C, and O.
To examine the difference between the rigidity depend-

ence of primary and secondary cosmic rays in detail, the
ratios of the lithium, beryllium, and boron fluxes to the
carbon and oxygen fluxes were computed using the data in
Tables I, II, and III of the Supplemental Material [21]
and Tables II and III of Ref. [14], and are reported in
Tables IV–IX of the Supplemental Material [21] with their
statistical and systematic errors. The detailed variations
with rigidity of the spectral indices Δ of each flux ratio
were obtained in a model independent way using
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As seen, the Li and B fluxes have identical rigidity dependence
above ∼7 GV and all three secondary fluxes have identical
rigidity dependence above ∼30 GV.
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eye. As seen, the magnitude and the rigidity dependence of the Li,
Be, and B spectral indices are nearly identical, but distinctly
different from the rigidity dependence of the He, C, and O
spectral indices. Above ∼200 GV the Li, Be, and B fluxes all
harden more than the He, C, and O fluxes. See also Fig. 3.
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A spectral break in the secondary fluxes  

The rigidity dependence of Li, Be and B  
are nearly identical,  

but different from the primary  
He, C and O (and also p).  

Li, Be, B fluxes measured by Pamela and AMS  
show an identical hardening  
 w.r.t. energy above 200 GV.  

The spectral index of secondaries  
hardens 0.13 +- 0.03 more than  

for primaries 

Δ ¼ d½logðΦS=ΦPÞ%=d½logðRÞ%; ð3Þ

whereΦS=ΦP are the ratios of the secondary to primary flu-
xes over rigidity intervals [60.3–192] and ½192–3300% GV
and shown in Fig 3. Above ∼200 GV these spectral indices
exhibit an average hardening of 0.13 & 0.03. Figures 9 and
10 of the Supplemental Material [21] show all secondary to
primary flux ratios together with the results of Eq. (3). This
additionally verifies that at high rigidities the secondary
cosmic rays harden more than the primary cosmic rays. This
additional hardening of secondary cosmic rays is consistent
with expectationswhen the hardening of cosmic ray fluxes is
due to the propagation properties in the Galaxy [16].
To examine the rigidity dependence of the secondary

cosmic rays in detail, the lithium to boron Li=B and
beryllium to boron Be=B flux ratios were computed using
the data in Tables I, II, and III of the Supplemental Material
[21] and reported in Tables X and XI of the Supplemental
Material [21] with their statistical and systematic errors.
Figure 11 of the Supplemental Material [21] shows the
(a) Li=B and (b) Be=B ratios as functions of rigidity with
their total errors together with the results of fits to a constant

value above 7 GV for Li=B and above 30 GV for Be=B.
The fits yield Li=B ¼ 0.72 & 0.02 with χ2=d:o:f: ¼ 51=53
and Be=B ¼ 0.36 & 0.01 with χ2=d:o:f: ¼ 27=35. From
these fits we note that the Li=Be ratio is 2.0 & 0.1
above 30 GV; see also Fig. 12 of the Supplemental
Material [21]. The Li and B fluxes have an identical
rigidity dependence above ∼7 GV and all three secondary
fluxes have an identical rigidity dependence above
∼30 GV. In Figs. 13, 14, and 15 of the Supplemental
Material [21], we compare our flux ratios converted to EK
using the procedure described in Ref. [24] with earlier
measurements [2–11,31–33].
In conclusion, we have presented precise, high statistics

measurements of the lithium, beryllium, and boron fluxes
from 1.9 GV to 3.3 TV with detailed studies of the
systematic errors. The Li and B fluxes have identical
rigidity dependence above 7 GV and all three fluxes have
identical rigidity dependence above 30 GV with the Li=Be
flux ratio of 2.0 & 0.1. The three fluxes deviate from a
single power law above 200 GV in an identical way. As
seen in Fig. 4, this behavior of secondary cosmic rays has
also been observed in primary cosmic rays He, C, and O
[14] but the rigidity dependences of primary cosmic rays
and of secondary cosmic rays are distinctly different. In
particular, above 200 GV, the spectral indices of secondary
cosmic rays harden by an average of 0.13 & 0.03more than
the primaries. These are new properties of cosmic rays.

We thank former NASA Administrator Daniel S. Goldin
for his dedication to the legacy of the ISS as a scientific
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Boron-to-Carbon: a standard candle  
for fixing GALACTIC PROPAGATION 

Li, Be, B are produced by fragmentation  
of heavier nuclei (mostly C, N, O)  
on H and He: production cross sections  

B/C (AMS, PRL 117, 2016)  does not show features at high energies 

Genolini, Putze, Serpico, Salati 2015
Tomassetti, Feng, Oliva PRD 2017

A&A proofs: manuscript no. draft4

degrades our capability of determining the best-fit values of D0
and �, and beyond them the properties of turbulence, unless other
priors are imposed.

4. Cross-section modelling

The outcome of cosmic-ray propagation strongly depends on the
values of the nuclear production �b!a and destruction �a cross-
sections with the ISM species, mainly protons and helium nuclei.
Some of these are measured, albeit in a limited dynamical range,
while a significant number of them rely on relatively old semi-
empirical formulas, calibrated to the few available data points. In
this section, we discuss how parametric changes in these inputs
reflect on the B/C ratio. The e↵ect of cross-section systematics
was already studied by Maurin et al. (2010), who parameterised
it in terms of a systematic shift with respect to the energy. Since
we consider here only the high-energy limit, we simply allowed
for a rescaling of the cross-sections. However, we distinguished
between two cases: a correlated (%%) or anti-correlated (%&)
rescaling between the production �b!a and the destruction �a

cross-sections. These in fact are not a↵ected by the same uncer-
tainties. It is often the case that the latter are known to a bet-
ter precision then the former since they rely on a richer set of
data. A priori, it is conceivable that several relevant production
cross-sections might be varied independently. It is worth noting,
however, that only a few nuclei – notably oxygen and carbon
(⇠ 80%), and to a lesser extent nitrogen (⇠ 7%) – are in fact
responsible for most of the produced boron, as shown in Fig. 6.

Fig. 6. Contribution of the various primary nuclear species to the sec-
ondary boron flux at 10 GeV/nuc, as estimated with the semi-empirical
code by Webber 03.

First, we need to assess the reasonable range over which the
various cross-sections of the problem are expected to vary. For
this, we compared our reference models for the destruction and
production cross-sections with those used in popular numerical
propagation codes such as GALPROP (Strong & Moskalenko
2001) and DRAGON (Evoli et al. 2008)1. The database imple-
mented these two codes traces back to the GALPROP team work
and is based on a number of references including – but not lim-
ited to – Nuclear Data Sheets and Los Alamos database (Mash-
1 Updated version of these two codes can be found
at:https://sourceforge.net/projects/galprop and
http://www.dragonproject.org/Home.html,respectively.

nik et al. 1998) (see Moskalenko et al. (2001) and Moskalenko
& Mashnik (2003) for a more complete list of references). In this
work we compare the values given directly by the default cross-
section parameterisations without any renormalisation (which
can be implemented however).

In the case of the destruction cross-sections�a, we compared
our reference model (Tripathi et al. 1997) with the parameteri-
sations of Barashenkov & Polanski (1994), Letaw et al. (1983)
and Wellisch & Axen (1996). The last case only applies to el-
ements with Z > 5, while the Letaw et al. (1983) modelling is
conserved for lighter nuclei. Figure 7 shows the relative di↵er-
ences between our reference model and the three other semi-
empirical approaches and allows deriving an indicative lower
limit on the systematic uncertainties for the destruction cross-
sections of roughly 2 to 10% for the B/C ratio. The systematic
di↵erence is at the 3% level for the channels (CNO) that con-
tribute most to secondary boron production. The di↵erence to
our reference model is stronger for larger charges (Z > 10), but
these nuclei have a negligible contribution to the B/C ratio.

Fig. 7. Relative di↵erences between our reference model (Tripathi et al.
1997) for the destruction cross-sections �a and the other parameteri-
sations by Letaw 1983 (Letaw et al. 1983), Wellish 1996 (Wellisch &
Axen 1996) and B&P 1994 (Barashenkov & Polanski 1994) are dis-
played as a function of the nucleus charge, at an energy of 10 GeV/nuc.
Each bin is characterised by a given charge Z and encodes the arithmetic
mean over the corresponding isotopes. Only the elements involved in
the cascade from iron to beryllium are displayed.

For the production cross-sections �b!a, one may chose be-
tween the semi-empirical approach proposed by Silberberg et al.
(1998), subsequently revised in 2000 and called here S&T 00,
and the parameterisation provided by Webber et al. (1990) (here-
after Webber 93) and its updates of 1998 (Webber et al. 1998)
and 2003 (Webber et al. 2003). We selected the last set of values
as our reference model, to which we have compared the other pa-
rameterisations to gauge the uncertainties that a↵ect, on average,
the values of �b!a. The relative di↵erences between Webber 93,
Webber 98, and S&T 00 with respect to Webber 03 are plotted
in the form of the three histograms of Fig. 8. The charges of the
parent and child nuclei are given on the vertical and horizon-
tal axes. The most important reactions, whose cross-sections are
higher, correspond to a change of charge �Z not in excess of 3
during the fragmentation process and are located close to the di-
agonals of the 2D-grids of Fig. 8. We first note that the Webber
93 and 98 production cross-sections are on average larger than
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Fig. 1.— Calculations for the B/C (a, b) and p̄/p (c) ratios in comparison with the AMS data. The blue shaded bands are the uncertainties
obtained from our pre-AMS data (a) analysis (Feng et al. 2016). The orange band is from this work, i.e., using the AMS data only.

B/C is very sensitive to propagation  
effects, kind of standard candle 



A break in the diffusion coefficient?
Genolini et al. PRL 2017

Rb=312 GV, Δδ=0.142,  s=0.040	
 (Diffusive halo size fixed L= 10 kpc)

Strong indication from B/C of the diffusive origin of the p and He break



Re-acceleration of background CRs
Nuclei accelerated in SNRs, diffusing on galactic MFs and propagating 	
in the Galaxy, can encounter a strong shock SNR accelerating them further

Tomassetti&FD, A&A 2012

Wandel et al. ApJ 1987

Blasi 2017

The observation by AMS of a hardening in 	
many species could be at least partially	
explained by a re-acceleration inside 	
the sources of CRs



More on CR spectral behavior from data 
Lipari PRD 2017

Spectra of CRs are similarly hard, 	
especially p- and e+ (but 2018 data). 	

It could be a coincidence, 	

Or hint at same secondary origin and 
short distances, equivalent to small  
energy losses for e-e+.  
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Figure 10. Our reference model compared to AMS-02 preliminary p̄/p data. Blue solid line: the
p̄/p spectrum computed with the fiducial cross sections from [14], with the optimal hardening in the
proton and helium injection spectra. Dotted and dashed lines: the p̄/p spectrum computed with the
minimal and maximal hardening in the proton spectrum as in Fig. 8. The blue band reports the
uncertainty associated to the production cross sections.

energy measurements is in perfect agreement with the best-fit value obtained in our earlier
statistical analysis [6], based on the available high-energy measurements preceding PAMELA
and AMS-02 releases.

We also tune the proton and helium injection slopes to accomodate the AMS-02 data.
For the protons, we also consider the minimal and maximal injection slopes at high energy
compatible with the data. The reader can see the comparison with the new datasets in
figure 8.

Armed with a model fully consistent with all the preliminary nuclear observables, we
can finally compare our prediction for the p̄/p ratio with the data.

In figure 10 we show this comparison. The computation of the secondary flux is per-
formed using the fiducial value of the cross sections provided by [14], and the associated
uncertainty is shown as a blue band.

We conclude that, even without considering all the relevant uncertainties associated
with propagation or injection slopes, our predictions for the p̄/p are in good agreement with
the preliminary data in the entire energy range. Our findings are then in agreement with the
conclusions of [63], although our analysis relies on the B/C data from the same experiment
for the assessment of the propagation model.

6 Conclusions

We presented a revisited study of the dominant uncertainties in the determination of the CR
secondary antiproton spectrum.

– 16 –
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Figure 2: The combined total uncertainty on the predicted secondary p̄/p ratio, superim-
posed to the new Ams-02 data.

that an additional source of uncertainty that we do not include consists in the uncertainties
a↵ecting the energy loss processes. These are however expected to be relevant only at small
energies and in any case to have a small impact.

Finally, antiprotons have to penetrate into the heliosphere, where they are subject to the
phenomenon of solar modulation (abbreviated with ‘SMod’ when needed in the following). We
describe this process in the usual force field approximation [44], parameterized by the Fisk
potential �F , expressed in GV. As already mentioned in the Introduction, the value taken
by �F is uncertain, as it depends on several complex parameters of the solar activity and
therefore ultimately on the epoch of observation. In order to be conservative, we let �F vary
in a wide interval roughly centered around the value of the fixed Fisk potential for protons �p

F

(analogously to what done in [22], approach ‘B’). Namely, �F = [0.3, 1.0] GV ' �p
F ± 50%. In

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

Fig. 2 constitutes our summary and best determination of the astrophysical p̄/p ratio and
its combined uncertainties, compared to the new (preliminary) Ams-02 data. The crucial
observation is that the astrophysical flux, with its cumulated uncertainties, can reasonably well
explain the new datapoints. Thus, our first —and arguably most important— conclusion is

6

Giesen + JCAP 2015

such high Va would have considerable impact on the antiproton spectrum, the effect on the
boron flux would be more dramatic. Due to the lower threshold energy for boron compared to
antiproton production, there is more low energy boron available which can be reshuffled to high
energies through reacceleration (see figure 7). Large Va leads to a bump in B/C – not seen in the
AMS-02 data. In order to investigate the compatibility further, we perform a simultaneous fit
to the B/C and antiproton spectra of AMS-02. Again we include p̄AMS-02/p̄PAMELA to constrain
solar modulation.

1 10 102

10-2

10-1

-1

0

1

� [GV]

�
2
�
p–
[G
V
m

-
2
s
-
1
s
r-
1
]

Figure 10: Best fit spectra of the combined B/C + p̄ fit.

The favored parameters of the joined fit are shown in the last column of table 6, the corre-
sponding fluxes and uncertainties are depicted in figure 10. Remarkably, B/C and antiprotons
can be fit simultaneously with �2/d.o.f. < 1. This implies that both spectra are, indeed, con-
sistent with pure secondary production. The fit is considerably better than one may conclude
by eye due to correlations in the uncertainties in ⌃source

ij . Nevertheless, we observe a clear
rise in �2

p̄ compared to the fit without B/C. In the high energy regime, there appears a slight
offset between predicted antiproton flux and data which is, however, within the margin of cross
section uncertainties. The increase in �p̄ is indeed mainly driven by the low energy spectrum.
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Propagation models fitted on AMS-02 B/C data. 

Secondary antiprotons from  
(p, He)CR + (H, He)ISM 

can explain data naturally, mainly because  
of the small diffusion coefficient slope indicated by B/C. 

Greatest uncertainty set by nuclear cross sections. 

Antiproton flux at high energy: do secondaries fit all?
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Two halo transport for secondary antiprotons

Cosmic rays are allowed to experience a different type of diffusion when  
they propagate closer to the Galactic plane  
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FIG. 6. Top: p̄/p ratio as function of kinetic energy. Model calcu-
lations are shown in comparison with new data from AMS-02 [10]
and PAMELA [6]. The solar modulation level is set to � = 500MV.
The production cross-sections are evaluated using the MC genera-
tor EPOS LHC model [45]. Bottom: estimated uncertainties for the
p̄/p ratio arising from CR injection and propagation, production
cross-sections, and solar modulations.

certainties are reviewed in the bottom panel of the Fig. 6,
showing the contributions from injection and propaga-
tion, production cross-sections, and solar modulation. In
principle, the CR propagation parameter uncertainties
already included the solar modulation uncertainties, be-
cause they have been accounted in the MCMC procedure.
However, charge-sign and mass dependent solar modula-
tion e↵ects are in general expected due to particle drift
or adiabatic losses of CRs in the heliosphere, that are
unaccounted by the force-field model. Hence the use of
CR proton data does not provide safe constraints on the
solar modulation of antiprotons. Following Giesen et al.
[15], we have varied the solar modulation potential from
200 MeV to 700 MeV to estimate this error. This esti-
mate encompasses the level modulation asymmetry be-
tween protons and antiprotons, that we have tested using
the model of Cholis & Hooper [46]. The solar modula-
tion error is dominant at 1 GeV/n of energy and becomes
negligible at 15 GeV/n in comparison with the uncertain-

ties of the experimental data. A large uncertainty factor
comes from antiproton production cross-sections. The
figure shows that the cross-section contribution is 10% at
1 GeV/c and increases slowly with energy to become 18%
at about 1 TeV/c. The calculations of these errors can
be found in AppendixA. In the high-energy region, errors
are dominated by uncertainties in CR injection and prop-
agation parameters. In contrast to other works [15], our
fitting procedure lead to a unique astrophysical uncer-
tainty factor which include the errors from propagation
e↵ects and those induced by primary nuclei. However no
appreciable correlation is found the two contributions.
At kinetic energy above ⇠ 100GeV, this uncertainty is
at the level of ⇠ 30% and it is limited by the experi-
mental errors of the high-energy B/C ratio. Parameters
describing CR injection spectra of protons and He are
better constrained with the existing data, although their
contribution to the total p̄/p uncertainty band becomes
non-negligible at high energies. In summary, under our
scenario of spatial-dependent CR propagation, the pre-
dictions for the p̄/p ratio appear to be fairly consistent
with the AMS-02 data, within the present level of un-
certainty, showing no striking evidence for an antiproton
excess. We note, nevertheless, that the dominant contri-
bution to the uncertainties is related to CR propagation.
Hence the situation will become more transparent with
the availability of precise B/C data at TeV/n energies
[2].

F. Positrons

Similarly to antiprotons, secondary positrons are gen-
erated by collisions of CR hadrons with the ISM. Thus
we consider the absolute flux of CR positrons rather
than positron fraction e+/(e� +e+), because it permits
to avoid further assumptions on the injection spectrum
of primary electrons. The predicted flux of secondary
positrons is shown in the top panel of Fig. 7. The black
solid line represents the THM model calculations under
the best-fit parameter set, while the shaded band is the
corresponding total uncertainty. The positron flux pre-
dicted by our model is significantly harder than that aris-
ing from the OHM setting. The main reason for this dif-
ference is that CR positrons detected at Earth have spent
a large fraction of their propagation time in the region
close to the Galactic disk. Given the shallow di↵usion of
CRs in the inner halo, the flux steepening e↵ect induced
by di↵usive propagation is expected to be milder for the
THM model, in comparison with standard OHM calcu-
lations. In addiction to di↵usive propagation, however,
energy losses arising from synchrotron radiation and in-
verse Compton processes have an important impact in
reshaping the spectrum of charged leptons. For these ef-
fects, the energy loss rate is of the type b(E) = b0E2, with
b0 ⇠= 1.4⇥10�16 GeV�1 s�1 [12]. The time-scale of these
processes is ⌧ = (b0E)�1, so that the typical di↵usion
scale distance is of the order of � ⇠

p
⌧ D. More pre-

7

parameter unit best-fit posterior mean posterior mode 1�-low 1�-up 2�-low 2�-up

L kpc 5.67 6.71 4.15 . . . . . . . . . . . .
D0 1028 cm2 s�1 1.92 1.83 2.20 0.75 4.99 0.50 4.99
� . . . 0.15 0.18 0.13 0.004 0.312 0.003 0.522
� . . . 0.52 0.58 0.55 0.426 0.823 0.240 1.076
⇠ . . . 0.15 0.19 0.12 0.090 0.593 0.080 0.594
� . . . 0.36 0.42 0.42 0.212 0.923 0.200 1.119
�⌫ . . . 0.096 0.096 0.100 0.064 0.132 0.030 0.145
⌫ . . . 2.27 2.30 2.28 2.14 2.47 2.09 2.55

TABLE II. Results of the MCMC scan for the transport and injection parameters in terms of best-fit values, posterior means, and
posterior modes, along with their bounds for 1� � and 2� � fiducial ranges.
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FIG. 2. Model calculations and uncertainties for proton, He and
C spectra compared with the experimental data [6, 7, 9].

propagation e↵ect may mitigate the spectral di↵erence
between the two species, the hypothesis of universal in-
jection (�⌫ = 0) is ruled out at 95% of confidence level.
These results stand within the conception that the p/He
anomaly is ascribed to intrinsic properties of accelera-
tors [28, 31]. Besides, Eq. 8 illustrates clearly the de-
generacies between parameters describing transport and
injection which involve combinations such as ⇠ L/D0 or
⌫+�. Similarly to standard di↵usion models, complemen-
tary information from secondary CR nuclei is required to
break these degeneracies.

C. Secondary/primary ratios

In fragmentation processes of relativistic CR nuclei
with the ISM, the kinetic energy per nucleon of secondary
fragments (s) is approximately the same of that of their
progenitor nuclei (p). Hence the for p ! s fragmenta-
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FIG. 3. Top: model calculations and uncertainty band for the
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tion reactions, the “source term” of secondary nuclei is
approximately given by Qs / Jp. Thus the approximate
THM behavior of secondary-to-primary ratios as function
of rigidity reads:

Js/Jp ⇠
L

D0

"
⇠ +

1� ⇠

�

✓
R

R0

◆��
#✓

R

R0

◆��

. (9)
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recently observed in CR protons and nuclei. Possible ap-
proaches to model these features involve [3, 28]: (i) intro-
duction of multi-component populations for the CR flux;
(ii) revisitation of CR injection, Qpri(R), reflecting non-
linear and/or time-dependent DSA; or (iii) modification
of CR di↵usion, D(R), accounting for nonlinear e↵ects
in CR propagation or spatial-dependent di↵usion. Here
we adopt the latter scenario which is well supported by
recent works and, as we will show, it leads in general to
conservative predictions for the production of secondary
antiparticles in the ISM.

B. Numerical implementation

We set up a spatial dependent scenario of CR prop-
agation in two halos, which is the simplest physically
consistent generalization of the standard models that
are able to account for the recent observations of CR
hadrons. It consists in allowing CRs to experience a
di↵erent (shallower) type of di↵usion when they prop-
agate in the proximity of the Galactic disk. In prac-
tice, this idea is implemented by splitting the cylindrical
propagation region into two z-symmetric halos charac-
terized by di↵erent di↵usion properties: the inner halo,
which surrounds the disk for a few hundred pc, and the
outer halo, an extended regions of a few kpc which sur-
rounds the inner halo. Numerically, our model is im-
plemented under the DRAGON code of CR propagation,
which is well suited for handling CR di↵usion in inho-
mogeneous media [29]. We introduced a modification of
the finite-di↵erencing scheme in the solver [26, 27], in
order to obtain a spatial-dependent and non-separable
di↵usion coe�cient D = D(z,R). To test CR di↵usion
close to the Galactic disk, we set up a non-equidistant
spatial grid where the pitch from two consecutive nodes
increases with the coordinate |z|. We adopt a di↵usion
coe�cient of the following form:

D(R, z) =

8
><

>:

D0�⌘
⇣

R
R0

⌘�
(|z| < ⇠L)

�D0�⌘
⇣

R
R0

⌘�+�

(|z| > ⇠L)
(2)

where a connecting function of the type F (z) = (z/L)n

is used to ensure a smooth transition of the parameters
� and � across the two zones [27]. The parameter D0

sets the normalization of the di↵usion in the disk at the
reference rigidity R0 ⌘ 0.25GV, while �D0 is used for
the outer halo. The low-energy di↵usion is shaped by the
factor �⌘, where � = v/c is the particle velocity divided
by the speed of light and ⌘ is set to be �0.4 [29]. The
parameter � is the di↵usion scaling index in the inner
halo (with |z| < ⇠L) while �+� is that of the outer halo
(⇠L < |z| < L), and L is the half-height of the whole
di↵usion region.

This scenario of CR propagation is supported by radio
observation on other galaxies such as NGC 891, NGC
253 or M51 [30] and favored by the observed level of CR

anisotropy at multi-TeV energies [27]. Interpretations at
the origin of the two zones have been proposed in terms of
di↵erent types of Galactic turbulence, e.g., SNR-driven
and CR-driven turbulence that are supported by �–ray
observations on latitudinal and radial dependence of CR
spectra [23]. It was recently argued that two di↵usion
regimes may be connected with advective CR tansport on
self-induced Galactic wind [21]. In this work we use the
data to constraint the relevant parameters of CR trans-
port in the two regions, namely, D0, �, �, �, L, and ⇠.
In addition to the six transport parameters, we introduce
two parameters describing injection: the spectral index ⌫
of proton injection, and the spectral index di↵erence �⌫
between protons and all other primary nuclei such as He,
C, O, Fe. The latter parameter accounts for the recently
observed spectral di↵erence between proton and He [6, 9],
being the former �⌫-times steeper than the latter. Since
no spectral di↵erences have been observed on heavier nu-
clei, we adopt the same slope for all Z > 1 primary spec-
tra. With the use of non-universal injection indices we
are ascribing the origin of the observed p/He anomaly
to an intrinsic DSA acceleration mechanism, as proposed
recently [31]. Note however that there are explanations
for the p/He anomaly which do not require composition-
dependent acceleration mechanisms [19, 22, 28].

C. Parameter sampling and data sets

parameter units prior minimum maximum

L kpc 6.8 2.5 9.5
D0 1028 cm2 s�1 1.7 0.5 5.0
� . . . 0.16 0. 0.6
� . . . 0.56 0.2 1.2
⇠ . . . 0.14 0.08 0.6
� . . . 0.35 0.2 1.2
�⌫ . . . 0.09 0.03 0.15
⌫ . . . 2.27 2.0 2.6

TABLE I. Prior values and ranges for the injection and transport
parameters.

Our scan operates in a eight-dimensional parame-
ter space. To perform an e�cient sampling, we make
use of the MCMC method based on the Bayesian in-
ference. Recent works demonstated that the MCMC
method is a practical and powerful tool for CR propa-
gation physics analysis [24, 32–35]. Bayesian inference is
about the quantification and propagation of uncertain-
ties, expressed in terms of probability, in light of obser-
vations of the system. Our specific goal is to estimate
the probability density functions (PDFs) of our set of
free parameters for the following inputs: (i) an underly-
ing model of CR propagation which provides the link be-
tween physics observables and parameters: (ii) a defined
sets of experimental data, and (iii) the prior distributions
of the input parameters. The output PDFs are given as
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Tomassetti ApJ 2012, PRD 2015

Antiprotons and other species are consistent with the 2 halo diffusive model
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FIG. 1: Comparison of the best fit of the p̄/p ratio to the AMS-02 data [14], with a DM component (left panel) and
without DM (right panel). The lower panels show the corresponding residuals. The fit is performed between the

dotted lines, i.e., for rigidities 5GV  R  10TV. The grey bands around the best fit indicate the 1 and 2�
uncertainty, respectively. The dashed black line (labeled “�� = 0 MV”) shows the best fit without correction for

solar modulation. The solid red line shows the best fit DM contribution. We also show, for comparison, the
contribution from astrophysical tertiary antiprotons denoted by the dot-dashed line.

not reduce the evidence for a DM matter component in
the antiproton flux, and modifies only slightly the pre-
ferred ranges of DM mass and annihilation cross-section,

FIG. 2: Best fit regions (1, 2 and 3�) for a DM
component of the antiproton flux, using the antiproton
cross-section models of [40] (Tan & Ng), [41] (di Mauro
et al.), and [42] (Kachelriess et al.). For comparison, we
also show the best fit region of the DM interpretation of

the Galactic center gamma-ray excess [38], and the
thermal value of the annihilation cross-section,

h�vi ⇡ 3⇥ 10
�26 cm3s�1.

see FIG. 2. This represents an important test, since the
cross-sections used are quite different in nature. While
those of [40, 41] are based on a phenomenological param-
eterization of the available cross-section data, the cross
section of [42] is based on a physical model implemented
through Monte Carlo generators. While this check does
not exhaust the range of possible systematics related to
the antiproton cross-section, a more robust assessment
of this issue requires more accurate and comprehensive
experimental antiproton cross-section measurements.

From TABLE I we note that including a DM compo-
nent induces a shift in some of the propagation param-
eters. In particular the slope of the diffusion coefficient,
�, changes by about 30% from a value of � ⇡ 0.36 with-
out DM to � ⇡ 0.25 when DM is included. This stresses
the importance of fitting at the same time DM and CR
background. The changes induced by a DM component
in the other CR propagation parameters are less than
about 10%. More details are reported in the supplemen-
tary material.

As a further estimate of systematic uncertainties, we
have extended the fit range down to a rigidity of R =

1GV. In this case, the fit excludes a significant DM com-
ponent in the antiproton flux. This can be understood
from the residuals for this case, which are very similar to
the ones shown in the right panel of FIG. 1. Clearly, the
excess feature at R ⇡ 18GV, responsible for the DM pref-
erence in the default case, still remains. The reason why

5

describe well solar modulation at rigidities R <
⇠ 5GV,

and more work is needed to interpret the low rigidity
data in a reliable way.

We have emphasized the importance of the antiproton
production cross-section for a reliable estimate of the an-
tiproton flux. Adopting the more recent cross-section
model from [41], rather than the Galprop default [40],
has little impact on the fit near mDM ⇡ 80GeV, but the
different energy dependence of the cross-section models
leads to a change in the DM limits for light and heavy
DM.

In FIG. 4 we summarize the result of our fit and show
both the evidence for a DM component in the CR an-
tiproton flux, as well as limits on the DM annihilation
cross-section. The systematic uncertainty on the exclu-
sion limit is shown as an uncertainty band obtained from
the envelope of the various fits presented in FIG. 3. In
our baseline scenario (solid line), we can exclude ther-
mal DM with h�vi ⇡ 3 ⇥ 10

�26 cm3s�1 annihilating
into bb̄ for DM masses below about 50GeV and in the
range between approximately 150 and 1500GeV. Even
considering our most conservative propagation scenario,
we achieve strong limits and can exclude thermal DM
below about 50 GeV and in the range between approxi-
mately 150 and 500 GeV. The results for other hadronic
annihilation channels, and for annihilation into ZZ and
W+W� final states are very similar; in the supplemen-
tary material we provide limits for DM annihilation in
into W+W� as a further explicit example.

In comparison with the results derived in [49] from
gamma-ray observations of nearby dwarf galaxies, we im-
prove the annihilation cross-section limits by a factor of
⇠ 4 for all DM masses except those around 80 GeV. We
also see from FIG. 4 that, similarly to the DM interpre-
tation of the Galactic center gamma-ray excess, the pre-
ferred region of a DM signal in the antiproton flux is in
tension with the dwarf galaxy constraints. However, this
tension can be relieved with a more conservative estimate
of the DM content of the dwarf galaxies [50]. Also, a
recent analysis using new discovered dwarfs galaxies [51]
actually provides weaker limits, also shown in FIG. 4, fur-
ther relieving the tension.

SUMMARY AND CONCLUSION

In conclusion, the very accurate recent measurement
of the CR antiproton flux by the AMS-02 experiment
allows to achieve unprecedented sensitivity to possible
DM signals, a factor ⇠ 4 stronger than the limits from
gamma-ray observations of dwarf galaxies.

Further, we find an intriguing indication for a DM
signal in the antiproton flux, compatible with the DM
interpretation of the Galactic center gamma-ray excess.
A deeper examination of such a potential signal would
require a more accurate determination of the antipro-

FIG. 4: Best fit regions (1, 2 and 3�) for a DM
component of the antiproton flux, and limits on the DM
annihilation cross-section into bb̄ final states. The grey
shaded uncertainty band is obtained from the envelope
of the various fits presented in FIG. 3. For comparison

we show limits on the annihilation cross-section
obtained from gamma-ray observations of dwarf
galaxies [49, 51], and the thermal value of the

annihilation cross-section, h�vi ⇡ 3⇥ 10
�26 cm3s�1.

ton production cross-section, to constrain the flux of sec-
ondary antiprotons, as well as an accurate modeling of
solar modulation at low rigidities of less than about 5GV.

Note added: After our submission we became aware of
a similar work by [52]. They perform an analysis using
methodologies analogous to the ones of this letter and
find results consistent with ours.
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B/C data of AMS-02. Expected limits are also shown.
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Antiproton data are so precise that permit  
to set strong upper bounds on  

the dark matter annihilation cross section,  
or to improve the fit w.r.t. to the secondaries  

alone adding a tine DM contribution  



Antiproton production cross sections

Source term 
i, j = proton, helium 

 both in CRs and ISM 
4 main reactions   
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of cross section parameterization in order to determine
the accuracy required on cross section measurements so
to match AMS-02 accuracy. Our aim is to provide, for
the first time, quantitative indications for future high-
energy experiments about the kinematical regions and
the precision level they should cover, in order to induce
uncertainties in p̄ flux which do not exceed the uncer-
tainty in present CR data.
This paper is structured as follows. In Sec. I we re-
view the main steps for the calculation of the antiproton
source term starting from the invariant cross section. In
Sec. II we explain how we invert this calculation in or-
der to assign uncertainty requirements on the di↵eren-
tial cross section. The results are presented in Sec. III
and are summarized in Sec. IV.

I. THEORETICAL FRAMEWORK FOR THE
COSMIC ANTIPROTON SOURCE SPECTRUM

Antiprotons in our Galaxy are dominantly produced
in processes of CR nuclei colliding with ISM. Hence, the
ingredients to calculate the p̄ source term, i.e. the num-
ber of antiprotons per volume, time, and energy, are the
flux of the incident CR species i, �i, and the density of
the ISM component j, where, in practice, both i and j
are p and He. The source term for secondary antipro-
tons is given by a convolution integral of the CR flux,
the ISM targets and the relevant cross section:

qij(Tp̄) =

1Z

Tth

dTi 4⇡ nISM,j �i(Ti)
d�ij

dTp̄
(Ti, Tp̄). (1)

Here nISM is the ISM density and Tth the production
energy threshold. The factor 4⇡ corresponds to the al-

FIG. 1. Recent flux measurements for CR protons, helium,
and antiprotons by AMS-02 [3, 4, 12], PAMELA [1, 25], and
CREAM [26]. The energy-di↵erential fluxes � are given as
function of kinetic energy per nucleon T/n. Furthermore,
the IS fluxes, demodulated in the force-field approximation
with an modulation potential of �� = 600+100

�200 MV, are pre-
sented.

ready executed angular integration of the isotropic flux
�. The according fluxes are known precisely at the top
of the Earth’s atmosphere (TOA) due to AMS-02 mea-
surements [3, 4] presented in Fig. 1, together with the
results from the precursor satellite-borne PAMELA ex-
periment [1, 25] and the data from the balloon-borne
CREAM detector at higher energies [26]. At low en-
ergies E <⇠ 20 GeV/nucleon (in the following GeV/n)
the charged particles arriving at the Earth are strongly
a↵ected by solar winds, commonly referred to as solar
modulation [27, 28], given their activity modulation on a
cycle of roughly 11 years. We will work with interstellar
(IS) quantities. The p and He IS fluxes are inferred by
demodulated AMS-02 data, which we obtain within the
force-filed approximation [29] assuming an average Fisk
potential of �� = 600 MeV for the period of data tak-
ing [30, 31]. More complete studies on solar modulation
take into account time dependent proton flux data from
PAMELA and recent ISM flux measurements by VOY-
AGER [32–34]. They find similar values for ��. The
source term derivation only includes incoming proton
energies Ep > 7mp ⇠ 6.6 GeV (Ep > 4mp) correspond-
ing to the p̄ production threshold in pp (pHe) collisions.
For these energies the solar modulation, which becomes
negligible above a few 10 GeV, agrees reasonably well
with the simple force-field approximation. The scatter-
ing sights are the ISM elements H and He with density
given by 1 and 0.1 cm�3 in the Galactic disk respec-
tively.
The final essential ingredient to calculate the source

term is the cross section corresponding to the produc-
tion reaction CRi + ISMj ! p̄+X

d�ij

dTp̄
(Ti, Tp̄), (2)

FIG. 2. Energy-di↵erential antiproton production cross sec-
tion from pp collisions in LAB frame as function of proton
and antiproton kinetic energy Tp and Tp̄, respectively. The
shown cross section is derived from the Di Mauro et al. [22]
parameterization (their Eq. 12).

�14

Cosmic antiproton data are very precise:  
production cross sections should be known with high accuracy 

in order not to introduce high theoretical uncertainties 



New high energy data analysis

1. Fit to NA61 pp —> pbar + X data 
2. Calibration of pA XS on NA49 pC —> pbar + X data 
3. Inclusion of LHCb pHe —> pbar + X data
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FIG. 6. Comparison of LHCb data to the fit with Param. I-B (left) and Param. II-B (right). The grey band corresponds to 1�
uncertainty in the fit. The LHCb data agree better with Param. II and, therefore, they select this model for the high-energy
behavior of the Lorentz invariant cross section.

FIG. 7. The di↵erential cross section d�/dTp̄(p + He ! p̄ + X) (left) and d�/dTp̄(He + p ! p̄ + X) (right) for prompt
antiprotons, at the representative incident energies Tp = 20 GeV, 450 GeV and 6.5 TeV. The dashed (solid) line and the
relevant red (blue) band are the result of our analysis for Param. I and Param. II. We report for comparison some literature
estimations (see text for details). Tables with the full cross section results are provided in the supplementary material to this
paper.

C. Results

We perform four fits to determine, firstly, the good-
ness of the parametrizations (I and II) from the pp fit
for the interpretation of nuclei data and, secondly, the
impact of LHCb data by excluding (case A) or includ-
ing (case B) them in the fits. Table VI comprises the
results of all four fits. The fits with pC data alone (with-
out LHCb data) I-A and II-A converge to a �2/ndf of
1.3 and 1.1, respectively, leaving the conclusion that the
NA49 proton-carbon data fits very well to a rescaled pp

cross section. In the second step, we use the fit results
to predict the pHe cross section and to compare it to
LHCb data. Param. I shows a large di↵erence between
data and the prediction, measured by a �2/ndf from
LHCb alone of 9.3. On the other hand, Param. II gives
a �2/ndf = 1.6, hinting already the good agreement
with Param. II rescaled by the form factor fpA fixed
on pC data. Including the LHCb data in the fit does
not change the general picture. The quality of the fit
slightly improves to 8.4 and 1.4 in both cases I-B and
II-B, respectively. We conclude that Param. II results
in a much better description of the pHe data by LHCb.

LHCb data (1808.06127, PRL subm.) agree better with one of the two pp parameterizations. 
They select the high energy behavior of the Lorentz invariant cross section   
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FIG. 8. CR pHe (left panel) and Hep (right panel) antiproton source term with the uncertainty on cross sections for the best
fit of Param. I-B and II-B, i.e. with NA49 pC and LHCb pHe data.

The best fit values for all parameters are summarized
in Table VII. Our results for Param. II agree with [16]
(i.e. h⌫Hei = 1.25 there is comparable with 4D2 = 1.22
and 41�D1 = 1.27). However, for pC we obtain a 10%
lower value of 12D2 = 1.43 or 121�D1 = 1.53 instead
of h⌫Ci = 1.6. Fig. 6 displays the comparison of the
LHCb data to the cross section prediction. It is visible
that the pT-shape of Param. I does not fit well the data.
This shape is inherited from the pp data, and it is there-
fore unlikely to improve the fit by a mere refinement of
the fpA parametrization. We remind that Param. II
includes corrections to the pT-shape due to scaling vio-
lation [16]. Finally, we remark that we explicitly tried
a fit solely on LHCb data, but since the data contain,

TABLE VI. Fit quality of fpA for the di↵erent pp Param. I
and II, and for the di↵erent data sets A (NA49 pC) and
B (NA49 pC, LHCb pHe). The first row shows the result
of the fit, while the second and third rows report the split
contribution from the pC NA49 and pHe LHCb data sets. In
brackets are the numbers of data points entering in the fit.
The italic numbers are not the result of a minimization, but
the �

2 on LHCb data with the parameters fixed by NA49
pC data.

Param. I Param. II

A B A B

�
2/ndf 153.0/118 1296.3/253 131.2/118 326.3/253

�
2

NA49 153.0 (121) 155.3 (121) 131.2 (121) 131.8 (121)

�
2

LHCb 1266 (136) 1141 (136) 212.4 (136) 194.5 (136)

apart from one data point, only points for antiprotons
produced in backward direction it cannot constrain the
asymmetry imposed by D2 and the parameters D1 and
D2 turn out to be degenerate. To calculate �He+p!p̄+X

we use a generalization of Eq. (16):

fA1A2 = AD1
1

AD1
2


AD2

1

✓
1 +

N1

A1

�IS

◆
Fpro(xf ) (17)

+AD2
2

✓
1 +

N2

A2

�IS

◆
Ftar(xf )

�
.

We crosschecked the validity of this approach by taking
the pHe cross section and transforming it to the frame
where the proton is at rest. The two methods give the
same result. Similarly to Fig. 4, in Fig. 7 we report the
results for the di↵erential cross section d�/dTp̄(p+He !
p̄+X) (left panel) for the representative proton energies
Tp = 20 GeV, 450 GeV and 6.5 TeV. The right panel
contains the same information but for incoming He on p.
The conclusions are similar to the pp case. We provide
full table for the total cross sections of a number of
incident nuclei and their isotopes, and for both p and
He fixed target in the supplementary material to this
paper.
We use the fit results to calculate source terms for

the pHe and Hep production channels. To determine
the fit uncertainty we sample points from the correla-
tion matrices of the pp and pA fits (see Appendix A).
Then we use the full �2 (sum of pp and pA fit) to get
discrete realizations in the 1� envelope. The results are
shown in Fig. 8. In general, the form and uncertainty
of pHe and Hep look similar to pp, since both depends

Param II is preferred by the fits.  
The effect of LHCb data is to select a h.e. trend of the pbar source  term. 

A harder trend at high energies is preferred.  
Uncertainties still range about 20%, and increase at low energies.  

�16
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Possible antideuteron verification of  
Dark Matter hint in antiprotons

FD, Fornengo, Korsmeier, PRD 2018

DM antiprotons possibly hidden in AMS data are  
potentially testable by AMS and GAPS

Pcoal = 124 (62) MeV Pcoal = 248 (124) MeV 
7

FIG. 2. Antideuteron flux for secondaries in the ISM and the potential DM signal, corresponding to generic bb̄ annihilation
from the excess in CuKrKo. We show the di↵erent propagation models MED and MAX, which are constrained to fit B/C data
in Ref. [41]. CuKrKo corresponds to the propagation parameters obtained from the best fit of bb̄ DM in [14]. All fluxes are
derived in the analytic coalescence model with pC = 160 GeV (left panel) and pC = 248 GeV (right panel). Solar modulation is
treated in the force-field approximation with a potential of � = 400 MV. Additionally, the current limit by the BESS experiment
(95% CL) [55], the AMS-02 sensitivity of [21], and the expected sensitivity for GAPS (99% CL) [20] are displayed.

ping events) and 2 (in-flight annihilation). Whenever the
ratio shown in Fig. 3 is above 1 implies that GAPS will
detect the corresponding antideuteron flux with a 99%
CL confidence. This implies that the number of detected
events is 1 if the detection occurs in the stopping channel,
or 2 if the detection happens in the category of in-flight
annihilation. In Fig. 3, the blue contour corresponds to
our baseline scenario, namely the analytic coalescence
model with pC = 160 GeV, solar modulation in the force-
field approximation with a potential of � = 400 MV, and
propagation parameters taken from CuKrKo. We see
that the whole CuKrKo parameter space would produce
a detectable signal in GAPS. The di↵erent panels then
show the changes arising from di↵erent assumptions, al-
ways compared with the baseline scenario (blue contour).
Panel (a) investigates the impact of a Monte Carlo based
coalescence, for which we have used the results of [29].
This Monte Carlo approach is also tuned to ALEPH data.
Note that coalescence momenta are di↵erent in the an-
alytical and Monte Carlo approach when tuned to the
same data. The signal strength drops by a factor of
4 such that the signal would be at the very edge of de-
tectability. The larger coalescence momentum obtained
from ALICE enhances the fluxes considerably and conse-
quently the contour gets boosted: this is shown in panel
(b) (again for the analytic coalescence model) where the
corresponding contour for pC = 248 MeV is pushed to a
few tens of events in GAPS. This would imply several de-
tected antideuterons. Notice that also the Monte-Carlo-
based coalescence, if normalised to ALICE, would likely
imply that all of the DM parameter space is under reach
of GAPS (the tuning of the Monte-Carlo-based models
on ALICE requires a dedicated analysis, in order to de-

rive its specific value for pC , and it is not available at the
moment). Finally, the impact of solar modulation and of
di↵erent CR transport models are shown in panel (c) and
(d), respectively, for the analytic coalescence model. In
all cases, the DM parameter space compatible with the
antiproton hint is testable by GAPS. Notice, that the lo-
cal DM density does not provide an extra uncertainty for
the results of our analysis, since the annihilation rate is
totally degenerate with the DM density: the DM fit in
CuKrKo determines h�vi ⇥ ⇢2�, which is the same quan-
tity that enters in the determination of the antideuteron
flux in Eq. (9) and (10).
Up to this point we considered only the case of DM an-

nihilation into a bb̄ pair. However, also other final states
provide a good fit to the antiproton excess [56]. In Fig. 4
we show the result for pure annihilations into two gluons
(gg), Z-bosons (ZZ⇤), Higgs-bosons (hh), or top-quarks
(tt̄). For the Z-boson we take into account that one of
the two bosons might be produced o↵-shell3, which is de-
noted with a star superscript. For all the channels, the
DM parameter space can be tested by GAPS through
antideuterons.
Another potential indication for DM is the observed

excess in gamma-rays from the Galactic center (GCE).
Its energy spectra and morphology are compatible with
a DM signal as observed and confirmed by several groups
[62–65] (and references therein). However, also an astro-
physical explanation by unresolved point sources [65–68],

3 This requires an extension of the tables in [36] already used
in [56].
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Figure 5. Fit to e++e� (left panel) and e+ (right panel) AMS-02 data [5, 8] with MAX propagation
model and Rcut = 0.7 kpc for Case 2 (see text for details). All the components for the best fit are
displayed together with the 2� uncertainty band on the total flux. Line coding as follows: solid black,
sum of all the components in the plot; red dashed, secondary e+ and e�; blue dash-dotted: e+ and
e� from all ATNF PWNe; green dotted: e� from far SNR; black dotted: e� from Vela SNR; magenta
double dash-dotted: e� from all other near (R  0.7 kpc) SNRs. The left (right) panel shows the
e+ + e� (e+) flux.

Table 2. Best fit parameters to AMS-02 e+ + e� and e+ flux data for the model described by Case
2.

�F 0.36 GV
q̃sec 2.10± 0.08
�PWN 1.85± 0.03
⌘ 0.065± 0.004
Nnear 0.35± 0.03
BV ela (3.1± 0.3) µG
dV ela 0.29± 0.04 kpc
�V ela 2.80
�SNR 2.65± 0.03
Etot,SNR (3.50± 0.05)1049 erg
�2/d.o.f 32/89

errors. The parameters for the SNR smooth population and the ATNF PWNe are found
to lie intervals similar to Case 1 and consistent with previous results [17, 18]. As for the
parameters most relevant to the following of our analysis, the best fit for the Vela distance
is found to be very near to the measurement of [55], while the spectral index points to the
higher permitted value of 2.8. This result can be hardly argued with the general modeling of
diffusive shock acceleration in SNRs. However, we find numerous configurations included in
the 2� band with lower values for �Vela of 2.4-2.6, while the rest of the parameters keeping
similar values to the ones reported in Tab. 2.

Case 3. - An unknown close SNR.
In the previous analysis we have considered only close SNRs with a detected electromagnetic

– 12 –
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FIG. 7. Top: secondary positron flux in CRs as function of ki-
netic energy. Model calculations are shown in comparison with
the data from AMS-02 [4] and PAMELA [6]. The solar modula-
tion level is set to � = 500MV. Bottom: estimated uncertainties
for the positron flux arising from CR injection and propagation,
production cross-sections, and solar modulations.

cisely, for the propagation of CR electrons and positrons
from the Galactic disk, one can write

�(E,E0) = 2

(
D0E�

b0E(1� �)

"
1�

✓
E0

E

◆��1
#) 1

2

, (11)

where E0 is their initial energy. For detected positron
energy E in the O(100GeV) energy scale and E0 & E,
it can be seen that the di↵usion distance � is always
. 1 kpc for our best-fit propagation parameters. Hence
the propagation histories of high-energy positrons de-
tected at Earth take place essentially in the inner halo.
In this region, the CR positron fluxes are of the type
J+ ⇠ (⌧/D)1/2Qsec so that, for proton-induced source
spectra Qsec

⇠ E��p , one has J+ / E��p� 1
2 (�+1). Note

also that, for E0 � E and in particular for E . 10GeV,
the quantity �(E,E0) can reach larger values. Thus, in
the general cases, CR leptons may experience propaga-
tion in both halos and their resulting flux at Earth is a
convolution over their propagation histories.
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FIG. 8. Anisotropy amplitude from best-fit THM calculations
in comparisons with the data at E ⇡ 100GeV - 300TeV. OHM
calculations are shown for reference.

In the bottom panel of Fig. 7 we provide a breakdown
of the main sources of uncertainties associated with the
positron flux calculations. The errors on the production
cross-sections are estimated as in Delahaye et al. [47], i.e.,
by evaluating the e↵ects of di↵erent cross-section param-
eterizations as a function of energy. The considered pa-
rameterizations are those proposed by Kamae et al. [48],
Tan & Ng [49], and Badhwar et al. [50]. The positron
source term is found to vary between 5% 30% with en-
ergy, depending on the adopted parameterization. The
uncertainties of solar modulation are estimated by vary-
ing the modulation potential � similarly to the antipro-
ton case of Sect. III E. In comparison to other source of
uncertainties, solar modulation uncertainties are impor-
tant below 10 GeV. In comparison with the experimental
errors of AMS-02 measurements, they become negligible
above a few tens GeV. Uncertainty from CR propaga-
tion and injections are those estimated by the MCMC
parameter scan procedure. It is worth pointing out that
the positron flux is still softer than E�3 while the data
measured by AMS-02 is harder. To account for the miss-
ing flux, it is necessary to add some extra contribution
of high-energy positrons. Primary positron sources may
include nearby pulsars, old SNRs or dark matter parti-
cle annihilation. They are preferentially located within
relatively short distances.

G. Anisotropy

With the THM parameter setting of the best-fit con-
figuration, we have calculated the flux anisotropy ampli-
tude at the location of the Sun due to global leakage of
CRs from the Galaxy. In the di↵usion approximation,
the anisotropy is dominated by the radial streaming of

Feng, Tomassetti, Oliva PRD 2017

Secondary positrons predicted in realistic transport models cannot explain  
  alone the positron flux. 

One or more components are needed, likely from nearby sources, 
given the strong radiative cooling experienced by e+e-.  

Positron#Flux##

39#

AMS#2018#Positron#
May#2011#–#Nov.#2017#

1.8#Million#Positron#Events#
Energy#Range:#0.5#–#1000#GeV#

Hint for a high energy drop 



A multi-wavelength, multi-messenger analysis

We build a model for the production and propagation of e- and e+ in the Galaxy  
and test it against 3 observables: 

1. Radio brightness data from Vela YZ and Cygnus Loop at all frequencies.  
     The radio emission is all synchrotron from e- accelerated by the source  

2. e+e- flux from 5 experiments, e+ flux from AMS 
      Far and near SNRs, near SNRs and PWNe, secondaries for e+e-.   
      The e+ flux constrains the PWN emission.   
      e+e- data taken with their uncertainty on the energy scale. 

3. e+e- dipole anisotropy upper bounds from Fermi-LAT 
       Test on the power of this observable on the closest SNRs. 

S. Manconi, M. Di Mauro, FD 1803:01009 PRD subm. 
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FIG. 2. Left: Results on the Vela YZ SNR parameters.
The grey region shows the 2� contours as derived from the
fit to radio flux data (Analysis-1), the cyan band reports the
configurations at 2� from the best fit to e+ + e� and e+

flux data (Analysis-2), and the hatched region shows those
configurations selected by Analysis-2 and excluded by Fermi-
LAT dipole anisotropy upper limits (Meth. 1) at E > 100
GeV (Analysis-3). Right: The maximal dipole anisotropy
predicted by Analysis-MW (solid line) and Analysis-2 (dashed
line). The upper limits for Fermi-LAT dipole anisotropy are
shown for the two di↵erent methods in [14].

the SNR paradigm for Galactic CRs see [17] and refer-
ences therein. We employ the radio data from Vela YZ
and Cygnus Loop to predict their emission of e� and e+.
Since for Vela Jr radio data are scarce, we will discuss its
role afterwords in the paper. With respect to previous
analysis where usually a single frequency was considered
(see, e.g., [18, 19]), we use here the radio spectrum infor-
mation in the widest available range of frequencies: from
85.7 MHz to 2700 MHz for Vela YZ [20] and from 22 MHz
to 4940 MHz for Cygnus Loop [21]. We fix the Vela YZ
(Cygnus Loop) distance, age and magnetic field to be:
d = 0.293 kpc (0.54 kpc), T =11.3 kyr (20 kyr) and B =
36 µG (60 µG) [21, 22, 23, 24, 25], respectively.

Analysis-1: Radio flux constraints. In Fig. 1 we plot
the available data on the e++e� flux, which clearly show

a cut-o↵ beyond TeV energies. Along with the data, we
plot our predictions for the flux of e+ + e� from Vela
YZ and Cygnus Loop. This result has been obtained fit-
ting their e� injection spectrum in order to produce a
synchrotron radiation compatible with radio flux data of
these two sources. We model the e� injection spectrum
at the source as Q(E) = Q0,SNRE��SNR exp (E/Ec), where
Ec is the cuto↵ energy and �SNR is the spectral index.
We fix Ec = 10 TeV, inspired by a test analysis that we
describe later in the paper. The total energy emitted by
SNRs into e� is therefore Etot =

R1
Emin

EQ(E) dE. As
discussed in [15], we work under a burst-like approxima-
tion, in which all the e� are released at a time equal to
the age of the source. Details of the release mechanism
of e� from SNRs are poorly known and still under de-
bate [17, 26, 27]. Under the hypothesis that the radio
emission from the source is due to synchrotron radiation
from e� interacting with the SNR magnetic field B, the
normalization of the injection spectrum Q0,SNR can be
connected to the radio flux density B⌫

r (⌫) [15]:

Q0,SNR = 1.2 · 1047GeV�1(0.79)�SNR
B⌫

r (⌫)

Jy
· (1)

·


d

kpc

�2 h ⌫

GHz

i �SNR�1
2


B

100µG

�� �SNR+1
2

.

We invert Eq. 1 to fit B⌫
r (⌫) as a function of �SNR

and Q0,SNR for all the available frequencies ⌫, for each
source. The best fit parameters are: �Vela = 2.47± 0.10,
Etot,Vela = (2.28 ± 0.06) · 1047 erg, while �Cygnus =
2.04±0.04 and Etot,Cygnus = (1.18±0.16) ·1047 erg. The
numbers for the Vela YZ SNR are in agreement with the
findings of [23]. These values along with the 2� regions
for Vela YZ and Cygnus Loop are reported in the left
panels of Fig. 2 and Fig. 3 respectively.
These two figures show that radio data select narrow

ranges for �SNR and Etot. For example, the 1� contour
for �Vela and Etot,Vela is a few % from the best fit. More-
over, Etot of the order of 1047 erg is in agreement with
the usual expectations for the SNR energy budget, given
the total energy released by a SN explosion in the ISM
of ⇠ 1051 erg [28] and the fraction conferred to electrons
expected to be ⇠ 10�5 � 10�3 [29]. The propagation
of e� and e+ from their source to the Earth has been
treated as in [10, 11, 15]. We solve the transport equa-
tion in a semi-analytic model assuming a spatially uni-
form di↵usion coe�cient and energy losses that include
synchrotron emission and a fully relativistic description
of inverse Compton scattering. The propagation param-
eters are fixed according to [30] (K15) and [31] (G15)
(see also [11]). In Fig. 1 we employ K15 model. Us-
ing G15 propagation model does not a↵ect our conclu-
sions. The information in Fig. 1 is remarkable: the flux
of e� from the closest SNRs as derived from a fit to radio
data is slightly below the data on the inclusive flux. The
flux from Vela YZ and Cygnus Loop can skim the HESS

A multi-messenger analysis

We can fit the whole data with a consistent model [provided that the proper systematic 
errors on the energy scale of each experiment are included]. 
Anisotropies from charged particles start to be constraining  

Different physical contributions shape non trivial slope changes�20

S. Manconi, M. Di Mauro, FD 1803:01009
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FIG. 4. Results on the e++e� flux from the Analysis-MW fit
to all the data. The contribution from secondary production
(red dashed), PWNe (blue dot dashed), Vela YZ (black dot-
ted), Cygnus Loop (magenta dot-dot dashed), Vela Jr (orange
solid) and the far smooth distribution of SNRs (green dotted)
are shown. Data as in Fig. 1.

results for Vela YZ are not compatible with the radio
analysis. The upper limits on e+ + e� dipole anisotropy
severely constrain the Vela YZ e� injection parameters
compatible with the analysis on the e+ + e� flux. We
then perform a multi-wavelength analysis by building a
model for the emission and propagation of e� and e+

that fits simultaneously the radio flux on Vela YZ and
Cygnus Loop and the e+ + e� flux from the GeV up to
tens of TeV with a multi-component Galactic model. In
addition, we check the model against the e+ + e� dipole
anisotropy data. Considering the proper systematic un-
certainties on the energy scale of the di↵erent data sets,
we can fit the e++e� spectrum on many energy decades.
For the first time, we show the constraints imposed by
the most recent data on the e+ + e� anisotropy, what
opens the opportunity of doing astronomy with charged
lepton CRs.
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Positrons from nearby sources 
the absolute flux, their strongly peaked energy spectrum is incompatible with the flat 
distribution in energy found by AMS-02.  
 
Our conclusions conflict with a recent estimate (30) based on the HAWC catalog data (10). 
The model in (30) considers the effect of constant-velocity convective winds to be 
dominant over diffusion. We have shown here that the tera-electron volt gamma-ray 
surface brightness measured by HAWC not available at the time of publication of (30) is 
well fit by a diffusion profile and strongly disfavors the convection profile. Moreover, the 
absence of any pressure or energy source to power this strong wind strongly disfavors the 
model in (30) and the conclusions drawn regarding the local positron flux. 

 
Fig. 3: Estimated positron energy flux at Earth from Geminga (blue solid line), compared with AMS-02 
experimental measurements (green dots). The shaded blue region indicates the 3σ (99.5 % confidence) 
statistical uncertainty from simulations (12). Additional lines represent the effect on the positron energy flux of 
varying several systematic effects: the pulsar characteristic initial spin-down timescale (red lines); the index of 
the diffusion coefficient (yellow lines); and the diffusion angle, spectral index of the injected electrons, and flux 
normalization combined (black line). The spectrum expected Earth is strongly peaked at the energy where the 
cooling time equals the age of the pulsar. The positron flux at the Earth from PSR B0656+14 is several orders 
of magnitude lower than that from Geminga and below the range of this plot. AMS-02 experimental 
measurements are from (31); error bars come from the quadratic sum of statistical and systematic errors. Both 
AMS-02 experimental measurements and error values were fetched from an online database (32).  
 
Geminga and PSR B0656+14 are the oldest pulsars for which a tera-electron volt nebula 
has so far been detected. Under our assumption of isotropic and homogeneous 
diffusion, the dominant source of the positron flux above 10 GeV cannot be either 
Geminga or PSR B0656+14. Under the unlikely situation that the field is nearly aligned 
along the direction between Earth and the nearby tera-electron volt nebulae, the local 
positron flux can be increased; however, the tera-electron volt morphology of the sources 
matches our isotropic diffusion model. We therefore favor the explanation that instead of 
these two pulsars, the origin of the local positron flux must be explained by other 
processes, such as different assumptions about secondary production [although that 
has been questioned (33; 34)], other pulsars, other types of cosmic accelerators such as 
micro-quasars (35) and supernova remnants (34), or the annihilation or decay of dark 
matter particles (9). 
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spinning neutron star (pulsar) that produces a wind of electrons and positrons that are 
further accelerated by the surrounding shock with the interstellar medium (ISM). There are 
a handful of known pulsars that are both close enough to be candidate sources and 
sufficiently old for the highest energy positrons to have had time to arrive at Earth (7; 8). 
Nearby dark matter particle interactions could also produce positrons (9). Both PWNe and 
dark matter sources should also produce gamma rays that could potentially be observed 
coming from the sources, unlike positrons (whose paths are deflected by magnetic fields). 
 
Recently, the High-Altitude Water Cherenkov Observatory (HAWC) collaboration reported 
the detection of tera-electron volt gamma rays around two nearby pulsars, which are 
among those proposed to produce the local positrons (10). HAWC is a wide field-of-view, 
continuously operating detector of extensive air showers initiated by gamma rays and 
cosmic rays interacting in the atmosphere (11). The angular resolution improves from 1.0° 
to 0.2° with the size of the air shower. HAWC is the most sensitive survey detector above 
10 TeV and is well suited to detecting nearby sources, which would have a greater angular 
extent. Operation of the full detector began in March 2015, and the data set presented 
here includes 507 days, as described in (11). 
 
Tera-electron volt gamma-ray emissions from the pulsars Geminga and PSR B0656+14 
were found in a search for extended sources that was performed for the HAWC catalog, 
in which these two pulsars have the designations 2HWC J0635+180 and 2HWC 
J0700+143 (10). By fitting to a diffusion model (12), the two sources were detected with a 
significance at the pulsar location of 13.1 and 8.1 standard deviations (σ), respectively 
(Fig. 1A). The tera-electron volt emission region is several degrees across which we 
attribute to electrons and positrons diffusing away from the pulsar and upscattering the 
cosmic microwave background (CMB) photons. Geminga was previously detected at tera-
electron volt energies by the Milagro observatory, with a flux and angular extent consistent 
with the HAWC observation but with lower statistical significance (13). Here we show that 
the HAWC observation of the spectral and spatial properties of these sources can be used 
to constrain their contribution to the positron flux at Earth (Fig. 1B). 

 
 

Fig. 1: Spatial Morphology of Geminga and PSR B0656+14. (A) HAWC significance map (between 1 and 
50 TeV) for the region around Geminga and PSR B0656+14, convolved with the HAWC point spread function 
and with contours of 5σ, 7σ, and 10σ for a fit to the diffusion model. R.A., right ascension; dec., declination 
(B) Schematic illustration of the observed region and Earth, shown projected onto the Galactic plane. The 
colored circles correspond to the diffusion distance of leptons with three different energies from Geminga; for 
clarity, only the highest energy (blue) is shown for PSR B0656+14. The balance between diffusion rate and 
cooling effects means that tera-electron volt particles diffuse the farthest (Fig. S1). 
  

• HAWC detected an extended emission from Geminga and 
Monogem PWNe for E>5 TeV.  

• Interpreted as Inverse Compton (IC) emission from e+ and e- 
accelerated from the PWN. 

• In the vicinity of the PWN, the diffusion coefficient D must be 
about 500 times smaller than the average in the Galaxy. 

• “We demonstrate that the leptons emitted by these objects are 
therefore unlikely to be the origin of the excess positrons, which 
may have a more exotic origin.”

• Using HAWC data only it is difficult to have a 
precise predictions for the contribution of PWNe 
to the AMS-02 e+ flux. 

• We are discovering Geminga in the Fermi-LAT 
gamma rays 

• Monogem and Geminga PWNe contribute at the 
per mille level to the positron flux

Di Mauro, Manconi, FD to appear

Preliminary



AMS lepton data: the dark matter case
Di Mauro, FD, Fornengo, Vittino 1507.07001 

Very good fit are obtained adding DM annihilation (or decay) 
Hadronic and tau final states are disfavored by searched in gamma-rays



Conclusions 

• Breaks in nuclei spectra - Secondari nuclei slightly different break 
than primaries - Protons different from other primaries - Positron 
excess - Hard antiproton spectrum - 60Fe radioactive abundance -  
[Gamma rays at the galactic center] 

• Non trivial spectral behaviors or abundances have come to light thanks 
to high precision space-borne experiments. 

• State-of-the-art galactic source and propagation models require 
continuous modifications - more complex treatments, new effects 

•More data are needed: 10Be, higher isotopes, high energy antimatter, … 

•Multi-wave & multi-messenger approach



Uncertainties on the detection predictions 
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(a) Coalescence model (b) Coalescence momentum

(c) Solar modulation (d) Propagation model

FIG. 3. Average antideuteron flux in the GAPS energy range divided by the expected GAPS sensitivity of 2.0 ⇥
10�6 m�2s�1sr�1(GeV/n)�1 [20]. The areas correspond to the 2� contours from the DM hint properties in CuKrKo. The
reference case (blue contour) relies on the analytic coalescence model, with a coalescence momentum of pC = 160 MeV, solar
modulation in the force-field approximation with a potential of � = 400 MV, and the propagation parameters taken (individu-
ally for each point in the contour) from CuKrKo. We compare against a Monte Carlo based coalescence from [29] in panel (a),
a larger coalescence momentum as might be justified by [44] in panel (b), a di↵erent solar modulation in panel (c), and di↵erent
propagation parameters in panel (d). The MAX contour should be treated with caution since its propagation parameters are
probably in conflict with the DM signal of CuKrKo. We show the contour for the sake of completeness.

especially millisecond pulsars, might explain the excess.
Notice that the DM interpretation of the GCE and the
cosmic antiproton excess point to very similar, compati-
ble mDM and h�vi for all standard model final states [56].
In this sense, our analysis shows that also the DM in-
terpretation of the GCE is in the reach of antideuteron
sensitivity for GAPS and AMS-02.

B. Antihelium

Finally we investigate the antihelium channel, for
which we follow the methods introduced in Ref. [18] and
we extend the results to derive also the tertiary compo-
nent. For antihelium, the coalescence momentum plays
an even stronger role, since the antihelium flux is propor-
tional to its sixth power (as compared to the third power
in the case of antideuterons). Consequently, the larger
coalescence momentum suggested by the recent measure-

Coalescence Model: 
a factor > 10  

(does not affect pbar flux) 

Propagation models: 
a factor > 10 

(affects pbar flux) 
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FIG. 3. Average antideuteron flux in the GAPS energy range divided by the expected GAPS sensitivity of 2.0 ⇥
10�6 m�2s�1sr�1(GeV/n)�1 [20]. The areas correspond to the 2� contours from the DM hint properties in CuKrKo. The
reference case (blue contour) relies on the analytic coalescence model, with a coalescence momentum of pC = 160 MeV, solar
modulation in the force-field approximation with a potential of � = 400 MV, and the propagation parameters taken (individu-
ally for each point in the contour) from CuKrKo. We compare against a Monte Carlo based coalescence from [29] in panel (a),
a larger coalescence momentum as might be justified by [44] in panel (b), a di↵erent solar modulation in panel (c), and di↵erent
propagation parameters in panel (d). The MAX contour should be treated with caution since its propagation parameters are
probably in conflict with the DM signal of CuKrKo. We show the contour for the sake of completeness.

especially millisecond pulsars, might explain the excess.
Notice that the DM interpretation of the GCE and the
cosmic antiproton excess point to very similar, compati-
ble mDM and h�vi for all standard model final states [56].
In this sense, our analysis shows that also the DM in-
terpretation of the GCE is in the reach of antideuteron
sensitivity for GAPS and AMS-02.

B. Antihelium

Finally we investigate the antihelium channel, for
which we follow the methods introduced in Ref. [18] and
we extend the results to derive also the tertiary compo-
nent. For antihelium, the coalescence momentum plays
an even stronger role, since the antihelium flux is propor-
tional to its sixth power (as compared to the third power
in the case of antideuterons). Consequently, the larger
coalescence momentum suggested by the recent measure-
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