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The composition of the Universe 

One hypothesis: the solution is a particle, 
 a WIMP (weakly interacting massive particle) 



SIGNALS from RELIC WIMPs 
 

N.B. New particles are searched at colliders 
but we cannot say anything about being 
 the solution to the DM in the Universe! 

Direct searches:  elastic scattering of a WIMP off detector nuclei 
                          Measure of the recoil energy     

                                     Annual modulation and directionality of the measured rate 
 
Indirect searches: in cosmic rays (CRs) 

Ø  signals due to annihilation of accumulated χχ in the  centre of 
celestial bodies (Earth and Sun)   

Ø  signals due to χχ annihilation in the galactic halo  
      



Indirect DARK MATTER searches 
Dark matter can annihilate in pairs with standard model final states.  

Low background expected for cosmic ANTIMATTER, and for 
NEUTRINOS and GAMMA RAYS coming from dense DM sites 

p-	
p	

γ,	ν	



GALACTIC COSMIC RAYS 
 

are charged particles (nuclei, isotopes, leptons, antiparticles) 
diffusing in the galactic magnetic field 

Observed at Earth with E~ 10 MeV/n – 103 TeV/n 
 
 
1.  SOURCES 

PRIMARIES:  directly produced in their sources  
                      Supernova remnants (SNR), pulsars, dark matter annihilation, …  
SECONDARIES:  produced by spallation reactions of primaries on  the                  

     interstellar medium (ISM), made of H and He  
 

2. ACCELERATION 
SNR are considered the powerhouses for CRs.  
They can accelerate particles at least up to 102 TeV 

 
3. PROPAGATION 

  CRs are diffused in the Galaxy galactic magnetic field (microGauss) 
 
+   loose/gain energy with different mechanisms 
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cated at a predictable position along the axis. In con-
trast hadronic showers are generally much wider (due to
secondaries from inelastic nuclear interactions spreading
out with non-negligible transverse momentum) and fea-
ture larger fluctuations in both the longitudinal and the
transverse development.

IX. INSTRUMENT RESPONSE FUNCTIONS

In broad terms the instrument response functions
(IRF) are specific parameterizations of the instrument
performance allowing to convert the count spectra regis-
tered by the detector into physically meaningful quanti-
ties such as fluxes and spectral indices. In this section we
shall try and provide a thorough discussion of the sub-
ject, with emphasis on how the response functions tie to
the detector design and the basic interaction processes of
particles and radiation with the latter. The treatment
will be somewhat simplified and aimed at basic sensitiv-
ity studies, and the reader is referred, e.g., to [79] and
references therein for a more systematic description of
how IRFs are actually used in typical gamma-ray spec-
tral analyses.

A. The role of the event selection

In the context of pretty much any scientific analysis
one has to deal with the problem of separating the sig-

nal (e.g., the particular CR species under study) from
the background (e.g., all the other species, possibly much
more abundant, that might mimic, in a way or another,
the signal we are interested in). We shall refer to the en-
tire process of isolating the signal from the background
as the event selection. While at a fist glance the reader
might find awkward to start the discussion about the
instrument response functions by bringing up this seem-
ingly unrelated issue, we do so to stress since the begin-
ning that in general the instrument response functions

are not intrinsic characteristics of the detector: they al-

ways subtend a specific event selection and a detector may

very well have di↵erent response functions in the context

of di↵erent analyses. Be wary when you read o↵ a sci-
entific paper or a conference presentation the value of
the acceptance for a given instrument quoted as a single
plain scalar. Appropriate as it might be for the particular
context, keep in mind that there might be hidden energy
dependencies and do not forget to double check whether
it includes the e↵ect of the selection cuts or not—the
di↵erence might be factors to orders of magnitude!

1. A di↵erent look at cosmic-ray spectra

A comprehensive discussion of the complex (and, to
many respects, subtle) issues of event selection and back-
ground rejection is outside the scope of this paper. We

shall, however, try and put on the table some basic ideas,
starting from a somewhat di↵erent look on the cosmic-ray
spectra—focusing on the ratio between specific di↵eren-
tial fluxes, as shown in figure 50.
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FIG. 50: Ratio of the di↵erential fluxes, as a function of the
energy, for some specific pairs of cosmic-ray species.

If one is interested in measuring, say, the all-electron
(e+ + e

�) spectrum by means of a calorimetric exper-
iment, the main challenge from the standpoint of the
background rejection, is the much larger (102–104) pro-
ton flux. The all-electron spectrum being significantly
steeper (�

e

⇠ 3.1) than the proton spectrum (�
p

⇠ 2.75),
the electron-to-proton ratio decreases with energy—and,
due to the cuto↵ measured by H.E.S.S. [12], steepens sig-
nificantly past ⇠ 1 TeV. This implies that the detector
must feature a proton rejection power (see section IXA2
for more details) of at least 105 in order to have a rela-
tively small background that can be safely subtracted in
the data analysis phase. Di↵erent how the event topolo-
gies for electrons and protons are, this is really saying
that we are only allowed to mis-tag one proton in 100,000
(while keeping a reasonable electron e�ciency), which is
obviously a non trivial task.
Life is even harder for gamma rays, as they are sub-

stantially less abundant than any of the four singly-
charged CR species. Figure 50 shows that for any ce-
lestial gamma ray there are 104–105 protons of the same
energy. Photons pointing back to their sources, this does
not necessarily implies that any gamma-ray analysis is
intrinsically more di�cult than, say, the measurement

2 28. Cosmic rays

The intensity of primary nucleons in the energy range from several GeV to somewhat
beyond 100 TeV is given approximately by

IN (E) ≈ 1.8 × 104 (E/1 GeV)−α nucleons

m2 s sr GeV
, (28.2)

where E is the energy-per-nucleon (including rest mass energy) and α (≡ γ + 1) = 2.7
is the differential spectral index of the cosmic-ray flux and γ is the integral spectral
index. About 79% of the primary nucleons are free protons and about 70% of the rest are
nucleons bound in helium nuclei. The fractions of the primary nuclei are nearly constant
over this energy range (possibly with small but interesting variations). Fractions of both
primary and secondary incident nuclei are listed in Table 28.1. Figure 28.1 shows the
major components for energies greater than 2 GeV/nucleon. A useful compendium of
experimental data for cosmic-ray nuclei and electrons is described in [1].

Figure 28.1: Fluxes of nuclei of the primary cosmic radiation in particles per
energy-per-nucleus are plotted vs energy-per-nucleus using data from Refs. [2–13].
The figure was created by P. Boyle and D. Muller.

The composition and energy spectra of nuclei are typically interpreted in the context
of propagation models, in which the sources of the primary cosmic radiation are located

August 21, 2014 13:17
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Antimatter sources from DARK MATTER 

torn away from the surface of the neutron star by the strong electric field genarated by the
pulsar spinning. These charged particles gather in a sort of wind that surrounds the pulsar
and then are released in the ISM at the disruption of this nebula. Because of this injection
mechanism, which is fast and followed by a weak residual energy emission, PWNe can be
considered as burst-like sources of e±.

The spectrum of the e

± injected by a PWN in the ISM has the same expression as the
one in Eq. 2.3 associated to SNRs. As outlined in [28], the normalization of this spectrum is
related to the e�ciency ⌘

PWNe

with which the PWN can convert its spin down energy into
the production of e± pairs:

Z 1

Emin

dE E Q(E) = ⌘

PWNe

W

0

, (2.4)

where the quantity W

0

represents the total spin-down energy which, in terms of the present
age of the pulsar t⇤ and the typical pulsar decay time ⌧

0

can be expressed as:
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The most complete list of PWNe is represented by the ATNF catalogue [48]. As it will
be widely discussed in the following, we will use it as a reference for all the PWN parameters.

2.4 Dark Matter

Positrons and electrons can also be the result of the pair annihilation or decay of DM particles.
The source terms associated to these contributions are:
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(2.6)

where ~x denotes Galactic position, ✏ being a factor that takes the value 1/2 or 1/4 for, re-
spectively, a self-conjugate or non self-conjugate DM particle, while f denotes the Standard
Model particles that can be produced in the annihilation or decay process and the functions
dN

f
e±/dE represent the e

± energy spectrum generated in a single annihilation or decay pro-
cess. The galactic DM halo, filled with particles with mass mDM , follows a spatial density
⇢(~x). We perform a model independent analysis which consists in assuming that the DM
annihilation/decay occurs in a single channel. In particular, we will focus our attention on

the five channels e

+

e

�, µ+

µ

�, ⌧+⌧�, bb̄, W+

W

�. We model the energy spectra dN

f
e±/dE

from Ref. [49]: we remind that these spectra have been computed by taking into account
electroweak correction which, as stressed in [50] can play a non-negligible role in shaping the
e

± emission when the DM mass is above the electroweak scale.

3 Transport in the galaxy and in the Heliosphere

After being injected by their source, electrons and positrons propagate across the ISM where
spatial di↵usion, convection, reacceleration and energy losses can shape their spectrum. To
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Annihilation 
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Ė

✓

1 +
t⇤
⌧

0

◆

2

. (2.5)

The most complete list of PWNe is represented by the ATNF catalogue [48]. As it will
be widely discussed in the following, we will use it as a reference for all the PWN parameters.

2.4 Dark Matter

Positrons and electrons can also be the result of the pair annihilation or decay of DM particles.
The source terms associated to these contributions are:

Q
ann

(~x,E) = ✏

✓

⇢(~x)

mDM

◆

2

X

f

h�vif
dN

f
e±

dE

,

Q
dec

(~x,E) =

✓

⇢(~x)

mDM

◆

X

f

�f
dN

f
e±

dE

,

(2.6)

where ~x denotes Galactic position, ✏ being a factor that takes the value 1/2 or 1/4 for, re-
spectively, a self-conjugate or non self-conjugate DM particle, while f denotes the Standard
Model particles that can be produced in the annihilation or decay process and the functions
dN

f
e±/dE represent the e

± energy spectrum generated in a single annihilation or decay pro-
cess. The galactic DM halo, filled with particles with mass mDM , follows a spatial density
⇢(~x). We perform a model independent analysis which consists in assuming that the DM
annihilation/decay occurs in a single channel. In particular, we will focus our attention on

the five channels e

+

e

�, µ+

µ

�, ⌧+⌧�, bb̄, W+

W

�. We model the energy spectra dN

f
e±/dE

from Ref. [49]: we remind that these spectra have been computed by taking into account
electroweak correction which, as stressed in [50] can play a non-negligible role in shaping the
e

± emission when the DM mass is above the electroweak scale.

3 Transport in the galaxy and in the Heliosphere

After being injected by their source, electrons and positrons propagate across the ISM where
spatial di↵usion, convection, reacceleration and energy losses can shape their spectrum. To

– 4 –

Decay 

•          DM density in the halo of the MW 
•  mDM  DM mass 
•            thermally averaged annihilation cross section in SM channel f 
•          DM decay time   
•  e+, e- energy spectrum generated in a single annihilation or decay event 
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Particle physics model 

Source spectrum,  
MC (i.e. Pythia) 



Antimatter sources from CR spallations   
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2. Integration (limh→0

∫ +h
−h . . . dz) of equation (A6) through the thin disc6, which gives

2N ′j
i (z)|z=0 − 2N j

i (0)Vc
K − 2hN j

i (0) Γ̃j

K + Q̄j = 0 (A7)

3. Put the halo solution in equation (A7) to ensure continuity beetwen the two zones.

We finally obtain the solutions for stable progenitors in relativistic regime:

N j(r, z) = exp

(

Vcz

2K

) ∞
∑

i=0

Q̄j
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i

sinh

[

Sj
i (L−z)

2

]
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[

Sj
i L
2

] J0(ζi
r

R
) (A8)

Q̄j ≡ qj
0Q(E)q̂i +

∑mk>mj

k Γ̃kjNk
i (0) (A9)

Sj
i ≡ ( V 2

c

K2 + 4
ζ2
i

R2 + 4
ΓNj

rad
K )1/2 Aj

i ≡ 2hΓ̃tot
Nj + Vc + KSj

i coth(
Sj

i L
2 ) (A10)

For a primary Q̄j = qj
0Q(E)q̂i, and for a pure secondary Q̄j =

∑mk>mj

k Γ̃kjNk
i (0). Note that

solutions given in Webber et al. (1992) for secondary takes advantage of the primary form of

Nk
i (0). Since we are here interested in a shower–like (see § 3.2.2) resolution, the form given here

is more adapted.

β decay contribution from Nk For all the nuclei treated here, N j never has more than one

unstable contribution, so that the sum over k for Nk
rad reduces to one term in equation (A1).

Resolution is complicated by the localisation of this source in the whole halo. Focalising on

this specific term, neglecting for a while primary source and classical spallative secondary con-

tribution 2hδ(z)
∑

k Γ̃kjNk(r, 0), one obtains (following the same procedure as described in the

previous section7)

N j
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rad

(r, z) =
∞
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r

R
)×

Γkj
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Kj(a2
i − a2)
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sinh
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i L
2
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6In terms of distribution (quoted in braces), defining σ0 and σ1 as the discontinuities of 0th et 1st order,

remember that
∂2

∂z2 {F(z)} =
{

∂2
F(z)

∂z2

}

+ σ1δ(z) + σ0
∂δ(z)

∂z

Imposing the continuity of the vertical cosmic ray current across the plane z = 0, we thus have

σ1 ≡ limϵ→0

[

dNj
i (z)/dz

]+ϵ

−ϵ
= −2Nj

i (0)Vc

K
and σ0 = 0.

7The contribution of these radioactive nuclei may be unimportant in some cases, but we should take it into

account as it is the dominant process for some others. In the simple example of 10Be→10B, neglecting this channel

would give an error of about 10% on the B flux, whereas considering that this term is only located in the disc

would give an error of about 3% compared to the rigourous treatment given above. Notice finally that at fixed

energy per nucleon, the rigidity depends on the nuclear species at stake. The diffusion coefficient Kj of the child

nucleus j is therefore different from its progenitor’s one Kk. The difference Kj − Kk tends to vanish for the

heaviest nuclei.

Γkj = nISM σkj v  
 Production 

Γkj = nISM σtot v  
 Destruction 

Flux ≈ 

s 



Production cross sections in the  
galactic cosmic ray modeling  

  
H, He, C, O, Fe,…  are present in the supernova remnant surroundings,  

and directly accelerated into the the interstellar medium (ISM) 
 
 

All the other nuclei (Li, Be, B, p-, and e+, gamma, …) are produced by 
spallation of heavier nuclei with the atoms (H, He) of the ISM 

 
We need all the cross sections σkj - from Nichel down to proton -   

for the production of the j-particle from the heavier k-nucleus scattering 
off the H and He of the ISM 

 
Remarkable for DARK MATTER signals is productions of: 

antiproton, antideuteron, positron and gamma rays.  



The case for  
 

antiprotons  



 Cosmic antiprotons  

Antiprotons are produced in the Galaxy by fragmentation 
of proton and He (and marginally heavier nuclei)  

on the interstellar medium (ISM) 
 

These secondary antiprotons would be the background to  
an exotic component due to  

dark matter annihilation 
 in the galactic halo (primary antiprotons).  

 
 

Thousands of cosmic antiprotons have already been  
detected by balloon-borne (Bess, Caprice,…)  

 or satellite experiments (Pamela), and AMS-01,  
and 290000 (out of 5.4x109 events)  from AMS-02 on the ISS 

 
 



Antiproton data as of 2017 

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
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AMS-02 results from below GeV up to 400 GeV 
Could be explained by secondary production in the Milky Way 

 
The most relevant theoretical uncertainty is due to 

production CROSS SECTIONS 
the antiproton spectral index decreases more rapidly than
the proton spectral index and for the highest rigidity
interval, 60.3 ≤ jRj < 450 GV, the antiproton spectral
index is consistent with the proton spectral index.
Figure 3(a) presents the measured (p̄=p) flux ratio.

Compared with earlier experiments [2,6], the AMS results
extend the rigidity range to 450 GV with increased
precision. Figure 2 of Supplemental Material [18] shows
the low energy (< 10 GeV) part of our measured (p̄=p)
flux ratio. To minimize the systematic error for this flux
ratio we have used the 2.42 × 109 protons selected with the
same acceptance, time period, and absolute rigidity range
as the antiprotons. From 10 to 450 GV, the values of the
proton flux are identical to 1% to those in our publication
[16]. As seen from Fig. 3(a), above ∼60 GV the ratio
appears to be rigidity independent.
To estimate the lowest rigidity above which the (p̄=p)

flux ratio is rigidity independent, we use rigidity intervals
with starting rigidities from 10 GV and increasing bin by
bin. The ending rigidity for all intervals is fixed at 450 GV.
Each interval is split into two sections with a boundary
between the starting rigidity and 450 GV. Each of the two
sections is fit with a constant and we obtain two mean
values of the (p̄=p) flux ratio. The lowest starting rigidity of
the interval that gives consistent mean values at the
90% C.L. for any boundary defines the lowest limit.
This yields 60.3 GV as the lowest rigidity above which
the (p̄=p) flux ratio is rigidity independent with a mean
value of ð1.81" 0.04Þ × 10−4. To further probe the behav-
ior of the flux ratio we define the best straight line fit over a
rigidity interval as

ðp̄=pÞ ¼ Cþ kðjRj − R0Þ; ð4Þ

whereC is the value of the flux ratio atR0, k is the slope, and
R0 is chosen to minimize the correlation between the fitted
values of C and k, i.e., the mean of jRj over the interval
weighted with the statistical and uncorrelated systematic
errors. The solid red line in Fig. 3(a) shows this best straight
line fit above 60.3 GV, as determined above, together with
the 68% C.L. range of the fit parameters (shaded region).
Above 60.3 GV, R0 ¼ 91 GV. The fitted value of the slope,
k ¼ ð−0.7" 0.9Þ × 10−7 GV−1, is consistent with zero.
With the AMSmeasurements on the fluxes of all charged

elementary particles in cosmic rays, p̄, p, eþ, and e−, we
can now study the rigidity dependent behavior of different
flux ratios. The flux ratios and errors are tabulated in Tables
II and III of Supplemental Material [18]. For the antiproton-
to-positron ratio the rigidity independent interval is 60.3 ≤
jRj < 450 GV with a mean value of 0.479" 0.014. Fitting
Eq. (4) over this interval yields kðp̄=eþÞ ¼ ð−2.8" 3.2Þ×
10−4 GV−1. For the proton-to-positron ratio, the rigidity
independent interval is 59.13 ≤ jRj < 500 GVwith a mean
value of ð2.67" 0.05Þ × 103 and kðp=eþÞ ¼ ð−0.9"
1.0Þ GV−1. Both results are shown in Fig. 3(b) together
with the 68% C.L. range of the fit parameters (shaded
regions). In the study of the ratios, we have taken into
account the correlation of the errors due to uncertainty in
the ECAL energy scale in Φe" [15].
In Fig. 4 of Supplemental Material [18] we present our

measured antiproton-to-electron and proton-to-electron
flux ratios. Both of these flux ratios exhibit rigidity
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Uncertainties due p-p scattering 

Uncertainties in the pbar production spectrum from p-p 
scattering are at least 10%. 

Conservative: 20% at low energies (GeV) up to 50% (TeV) 
(data expected at least up to ~ 500 GeV) 

Di Mauro, FD, Goudelis, Serpico PRD 2014 



Antiproton production cross sections 

pp 

•  Reasonable agreement for 10 GeV <T <100 GeV 
•  Deviations for T<10 GeV  

2

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⇡ n

ISM,j �i(Ti)
d�ij

dTp̄
(Ti, Tp̄). (1)

Here n

ISM

is the ISM density and T

th

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).

Source term 
i, j = proton, helium 

 (both in the CRs and in the ISM)   

FD, Korsmeier, Di Mauro PRD 2017 



Requirement on phase space  
for the ppàp- Xcross section 

3

where Tp̄ is the kinetic energy of the produced antipro-
ton in collisions of CR species i with kinetic energy Ti on
the ISM component j. In the following we will call the
quantity in Eq. (2) the energy-di↵erential cross section1.
One example, derived form the cross section parameter-
ization in Ref. [22] for the pp channel, is shown in Fig. 2
as a function of Tp̄ and Tp. The kinetic energy threshold
at Tp = 6mp is clear.

The p̄ production cross section is not directly avail-
able in the energy-di↵erential form from Eq. (2), which
also enters in Eq. (1). Experiments rather measure the
angular distribution on top of the energy-di↵erential
cross section and then present the Lorentz invariant (LI)
form

�

inv

(
p
s, x

R

, p

T

) ⌘ E

d

3

�

dp

3

(
p
s, x

R

, p

T

), (3)

where E and p are total p̄ energy and momentum, re-
spectively,

p
s is the center of mass (CM) energy of the

colliding nucleons, x

R

= E

⇤
p̄/E

⇤
p̄,max

(* refers to CM
quantities) is the ratio of the p̄ energy to the maxi-
mally possible energy in the CM frame, and p

T

is the
transverse momentum of the produced antiproton. Note
that also the three kinematic variables are LI quantities.
We skipped the subscripts i, j for projectile and target
to avoid unnecessarily complicated notation. Anyway,
Eq. (3) and also the following equations are valid for
all combinations of projectile and target, as long as all
quantities are understood in the nucleon-nucleon sys-
tem.

To relate the LI cross section to the energy-di↵erential
one in Eq. (2) two steps have to be performed. Firstly,
the LI kinetic variables {

p
s, x

R

, p

T

} need to be related
to an equivalent set in the LAB frame, where the tar-
get is at rest. Typically, the set is given by the pro-
jectile and the p̄ kinetic energies, and the scattering
angle {T, Tp̄, cos(✓)}. We give explicit relations in Ap-
pendix A. In a second step, the angular integration has
to be performed

d�

dTp̄
(T, Tp̄) = 2⇡pp̄

1Z

�1

d cos(✓) �
inv

= 2⇡pp̄

1Z

�1

d⌘

1

cosh2(⌘)
�

inv

. (4)

Here ✓ is the angle between the incident projectile and
the produced antiproton in LAB frame. In the second
line of Eq. (4) we transform the angular integration to
an integration w.r.t. the pseudorapidity defined as

⌘ = � ln

✓
tan

✓
✓

2

◆◆
. (5)

1
Note that dT = dE and, hence, d�/dE = d�/dT .

2
As discussed in [22] the parameters D1 and D2 have to be

interchanged.

(a)

(b)

(c)

FIG. 3. Profiles for fixed (a) proton energy and (b) an-
tiproton energy of the p + p ! p̄ + X energy-di↵erential
cross section in LAB frame from Fig. 2. In addition, cross
section parameterizations by Tan&Ng [17], Duperray et al.
[20] (their Eq. 62), Kachelriess et al. [24] and Winkler [35]
are shown for comparison. Panel (c): as panel (b), but for
the p+He ! p̄+X scattering. Here we add the DTUNUC
parameterization [14, 18].

This transformation is advantageous because the invari-
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Which level of accuracy on cross sections  
do we need in order  

to match (not exceed) the accuracy in CR data? 
 

Bias towards AMS-02 data 

FD, Korsmeier, Di Mauro PRD 2017 



Parameter space to be covered 

Fixed target Lab frame 

AMS02 accuracy is reached if ppàpbar cross section is measured with  
3%  accuracy inside the regions, 30% outside.  



LHCb pHe à p- cross section data 
First data ever has been collected by LHCb in fixed target mode Result for cross section, compared with EPOS LHC

LHCb-CONF-2017-002
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LHCb Preliminary

Result for prompt production
(excluding weak decays of hy-
perons)

The total inelastic cross section
is also measured to be

�LHCb
inel

= (140± 10) mb

The EPOS LHC prediction
[T. Pierog at al, Phys. Rev. C92 (2015), 034906]

is 118 mb, ratio is 1.19± 0.08.

G. Graziani slide 20 XSCRC2017

G Graziani for LHCb, Moriond 2017 

Result for cross section, compared with EPOS LHC
LHCb-CONF-2017-002
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  Reactions involving helium & higher energies 

AMS-02 is providing data with much  
higher precision up to hundreds of GeV  

Their interpretation risks to be seriously  
limited by nuclear physics 

Uncertainties due to helium  
reactions range 40-50% on  

Secondary CR flux Fornengo, Maccione, Vittino JCAP2014  

Effect of cross section uncertainty  
on DARK MATTER interpretation  

FD+2013 
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Antideuteron from Dark Matter particles  Nucleon production and coalescence
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where �tot and d3�d̄ are the total and differential cross sections for antideuteron production
in the process under study (i.e. DM annihilation, or cosmic-rays spallation on the interstellar
medium (ISM), in the case of the astrophysical background). The phase space ¯d distribu-
tion Fd̄(

p
s,~kd̄) depends on the momentum distribution F(p̄n̄)(

p
s,~kp̄,~kn̄) of the (p̄, n̄) pair

produced in the physical process, and on the probability C(
p
s,~kp̄,~kn̄|~kd̄) that a p̄ with mo-

mentum ~kp̄ and a n̄ with momentum ~kn̄ merge to form a ¯d with momentum ~kd̄:

Fd̄(
p
s,~kd̄) =

Z
F(p̄n̄)(

p
s,~kp̄,~kn̄) C(

p
s,~kp̄,~kn̄|~kd̄) d3~kn̄ d3~kn̄ (2.2)

Momentum conservation allows us to factorize the coalescence function as follows:

C(
p
s,~kp̄,~kn̄|~kd̄) = C(

~kp̄,~kn̄) �
(3)

(

~kd̄ � ~kp̄ � ~kn̄) (2.3)

We have implicitly assumed here that C(

~kp̄,~kn̄) is independent on the energy
p
s of the

production process: however, in general grounds, the coalescence probability may evolve with
the production energy. We will come to this point later.

With the factorization of Eq. (2.3), the ¯d phase space distribution simply becomes:

Fd̄(
p
s,~kd̄) =

Z
F(p̄n̄)(

p
s,~kp̄,~kn̄) C(

~kp̄,~kn̄) �
(3)

(

~kd̄ � ~kp̄ � ~kn̄) d
3~kn̄ d3~kn̄ (2.4)

Integration variables can be conveniently rotated to the total momentum ~kp̄ + ~kn̄ =

~kd̄ and
to the relative momentum ~kp̄ � ~kn̄ =

~
� of the pair:

Fd̄(
p
s,~kd̄) =

Z
F(p̄n̄)(

p
s,~kp̄,~kn̄) C(

~
�) �(3)(~kd̄ � ~kp̄ � ~kn̄)

1

8

d3~� d3~kd̄ (2.5)

This allows to easily perform the integral on the ¯d momenta, thanks to the �-function of
momentum conservation, while the coalescence function C depends only on the relative mo-
mentum ~

�. Notice that in our previous papers [1, 2] we used a different convention on the
relative momentum: ~kp̄ � ~kn̄ = 2

~
�. This simply reflects in the numerical factor 1/8 in Eq.

(2.5), arising from the Jacobian J of the change of variables from {~kp̄,~kn̄} to {~kd̄, ~�}: J = 1/8
for the current definition, while with the old definition we had J = 1. While this has clearly
no effect on the determination of the ¯d spectra, it will introduce a numerical difference in the
specific values of the “coalescence momentum” p0, which will be defined below. The ¯d phase
space distribution therefore takes the form:

Fd̄(
p
s,~kd̄) =

1

8

Z
F(p̄n̄)(

p
s,~kp̄ = ~k ⇤

p̄ ,
~kn̄ =

~k ⇤
n̄ ) C(

~
�) d3~� (2.6)

where ~k ⇤
p̄ = (

~kd̄ +
~
�)/2 and ~k ⇤

n̄ = (

~kd̄ � ~
�)/2.

We can notice that Eq.(2.6) is expressed in terms of the ¯d and (p̄, n̄) phase spaces:

Fd̄(
p
s,~kd̄) =

dNd̄

d3~kd̄
(2.7)

F(p̄n̄)(
p
s,~kp̄,~kn̄) =

dN(p̄n̄)

d3~kp̄d3~kn̄
(2.8)

– 4 –

Coalescence function 



Flux of antideuterons: DM vs secondary one 
FD, Fornengo, SalFD, Fornengo, salati PRD 2001; FD, Fornengo, Maurin PRD 2008;  

Kadastik, Raidal, Strumia PLB2010;  Ibarra, Wild JCAP2013; Fornengo, Maccione, Vittino JCAP 2013; …ati PRD (2000) ADD 

 
Kinematics of spallation reactions  
prevents the formation of very low 

antiprotons (antineutrons). 
 

At variance, dark matter  
annihilates almost at rest 

In order for fusion to take place,  
the two antinucleons must have low kinetic energy 



Secondary antideuterons 
 

Contributions to secondaries 
  

FD, Fornengo, Maurin PRD 2008 

p-p,  p-He,  
He-H, He-He 
H- pbar, He-pbar 

Propagation uncertainties 
Compatibility with B/C 

Nuclear uncertainties 
Production cross sections & Pcoal 
Production from antiprotons 
Non-annihilating cross sections 



Antideuterons:  
Dark matter detection perspectives  

Fornengo, Maccione, Vittino 1306.4171 

Fornengo, Maccione, Vittino JCAP 2013 

Prospects for 3σ detection of antideuteron 
with GAPS (dotted lines are Pamela bounds  
from antiprotons) 

3σ expected sensitivities 



Uncertainties in the D-bar flux 
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Figure 17. The same as in Fig. 15, for the solar modulation model with ↵ = 60

�, �k = 0.60 A.U.
and � = 1.0 (model CD_pos_60_0.60_1), with a variation of the coalescence momentum p0 inside
its 1 and 2� allowed ranges.
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Figure 18. The same as in Fig. 15, for the different galactic propagation models MIN/MED/MAX
reported in Table 2. The solar modulation model has been fixed to: ↵ = 60

�, �k = 0.60 A.U. and
� = 1.0 (model CD_pos_60_0.60_1). For each set of curves, the DM annihilation cross section
has been fixed at its maximal value allowed by antiproton bounds. For mDM = 20 GeV: h�vi =

2⇥10

�25, 1⇥10

�26, 2⇥10

�27 cm3 s�1 for the MIN, MED, MAX model, respectively. For mDM = 100

GeV: h�vi = 5⇥ 10

�25, 4⇥ 10

�26, 1⇥ 10

�26 cm3 s�1 for the MIN, MED MAX model, respectively.
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Figure 18. The same as in Fig. 15, for the different galactic propagation models MIN/MED/MAX
reported in Table 2. The solar modulation model has been fixed to: ↵ = 60
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p0 = (195± 22) MeV

Due to coalescence  
(p--n- fusion) 

Due to propagation  
in the Galaxy  

AMS data favor MAX 
set of propagation parameters 



Contribution from ALICE 
Production of light nuclei and anti-nuclei in pp collisions ALICE Collaboration

and anti-deuterons are compatible and do not show any significant dependence on the center-of-mass
energy within uncertainties. These measurements extend the pT reach up to three times beyond previous
measurements in pp collisions extracted from the CERN ISR [11, 12, 51] (Figure 9).
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Fig. 8: Coalescence parameter (B2) of deuterons (solid circles) and anti-deuterons (hollow circles) as a function
of pT per nucleon in inelastic pp collisions at

p
s = 0.9, 2.76 and 7 TeV. Statistical uncertainties are represented by

error bars and systematic uncertainties by boxes.

To extract the B2 from the CERN ISR, the anti-proton distribution was taken from [51] and the total
cross section of 42.3±0.4 mb from [52]. The distribution was also scaled by a factor of 0.69, estimated
with an EPOS (LHC) simulation [43, 53], to take into account the feed-down contribution. Figure 9 also
includes the B2 parameter of anti-deuterons from gp collisions and deep inelastic scattering of electrons
at HERA [14, 50] and B2 from p–Cu and p–Pb collisions at Bevalac [1]. Our measurement reveals a
pT dependence in B2 not seen in previous experiments, which is significant given that the systematic
uncertainties are correlated bin by bin.

This pT dependence can be reproduced with QCD-inspired event generators, such as PYTHIA 8.2
(Monash tune) [54] and EPOS (LHC), when adding a coalescence-based afterburner [43] that takes into
account the momentum correlations between nucleons (Figure 10). The afterburner looks for clusters
of nucleons among the final particles produced by the event generators and boosts them to their center-
of-mass frame. If the momentum of each individual nucleon is less than a certain value a nucleus is
generated. With the afterburner, a constant B2 is recovered when selecting protons from one event and
neutrons from the next event (event mixing), in agreement with the expectation of an uncorrelated distri-
bution of nucleons (Figure 10). The pT dependence in B2 is still present in the results from an alternate
PYTHIA 8.2 (Monash tune) simulation with color reconnection turned off (Figure 10). Furthermore, a
radial flow effect in B2 at these low average charged multiplicities is also discarded by the EPOS (LHC)
simulation with the afterburner, since this contribution only arises in high multiplicity events, starting
from dNch/dh > 15 [53]. Thus, this pT dependence can be explained as a purely hard scattering effect,
in contrast to AA collisions, where it is usually attributed to collective flow.
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Production of light nuclei and anti-nuclei in pp collisions ALICE Collaboration
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Fig. 9: Coalescence parameter (B2) of anti-deuterons in inelastic pp collisions at
p

s = 7 TeV (circles) compared
with the values measured at lower energies in pp [11, 12], gp [14], ep [50] (squares and hollow circles) and in p–Cu
and p–Pb collisions [1] (band at pT/A = 0 GeV/c).
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Fig. 10: Coalescence parameter (B2) of anti-deuterons in inelastic pp collisions at
p

s = 7 TeV (circles) compared
with EPOS (LHC), PYTHIA 8.2 (Monash tune) with and without color reconnection (CR) and an event mixing
procedure with the afterburner (lines).

As in the case of anti-deuterons, the coalescence parameter (B3) of 3He nuclei also exhibits a pT depen-
dence (Figure 11), and can be reproduced with QCD-inspired event generators with a coalescence-based
afterburner [43]. Moreover, low pT values of B3 are compatible with those obtained in p–C, p–Cu and
p–Pb collisions at Bevalac [1].
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Coalescence parameter measured also at LHC energies  
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The case for antihelium 
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Figure 2: Predicted fluxes of anti-He from the annihilation of a 20 GeV DM particle into
light quarks (top row), 40 GeV into bb̄ (middle row) and 1 TeV into W+W� (bottom row),
compared to the predicted astrophysical background, to the current bounds and to the expected
sensitivity of Ams-02. Left column: the three lines from bottom to top correspond to Min, Med,
Max. Lighter shades individuate fluxes disfavored by p̄ constraints. Right column: varying
the coalescence momentum. For the background, the three lines (barely distinguishable) also
correspond to Min, Med, Max.
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Cirelli, Fornengo, Taoso, Vittino, JCAP2014; Carlson et al. PRD2014  

Good signal-to-background ratios 
 
Predictions for most DM models 
much lower than experimental  
reach 
 
 
 
 
 
Nuclear physics brings relevant 
effects through (pcoal)
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The case for 
 

 positrons  



  
 
 

Sources of e+ and e- in the Galaxy: 
 

1. Secondary e+ e-:  spallation of cosmic p and He on the ISM (H, He)  
   * p+H(He) à p+Δ+  à p+π0 & n+π+    (mainly below 3 GeV) 
   * p+H(He) à p+n+ π+  

    * p+H(He) à X + K± 

 
2. Primary e- and e+ from Pulsars (PSR):  
    pair production in the strong PULSAR magnetoshpere 
 
3. Primary e- from SNR: 1°  type Fermi acceleration mechanism 
 
 
4. Primary e+ e- from exotic sources (DARK MATTER) 

 

Sources of positrons in the Milky Way 



Secondary positron production 
  Spallation of proton and helium nuclei on the ISM (H, He) 

 
•   p+H à p+Δ+  à p+π0 & n+π+    (mainly below 3 GeV) 
•   p+H à p+n+ π+  

•   p+H à X + K± 

 
               Different parameterizations of p+p à e+ + X cross 

Proton beam energy 



The positron source term 
  

Uncertainties on the production 
cross sections up to factor 2 

(upper) 
 
(lower) 

4 Delahaye et al.: Galactic secondary positron flux at the Earth

Tan & Ng

Badhwar et al.

Kamae et al.

Shikaze et al.

Donato et al.

Fig. 2. Comparison of the e↵ect due to di↵erent parameter-
izations for the cosmic ray proton spectra on the positron
source term, as a function of the positrons energy. The ad-
ditional e↵ect induced by the di↵erent nuclear physics pa-
rameterizations is also shown. The galactic protons density
is taken at 1 hydrogen atom per cm3.

model of Kamae et al. (2006) gives the faintest spectrum
in all the energy range (from 1 GeV to 1 TeV), while that
of Tan & Ng (1983) corresponds to the maximal spectrum.
The most significant di↵erence occurs at 20–30 GeV, of
about a factor of two.

The spatial dependence of the proton flux is determined
by solving the di↵usion equation and normalizing the re-
sulting flux to the solar value. This procedure will be re-
ferred to as retro–propagation in the following. We find that
retropropagation is not crucial and that one can safely ap-
proximate the proton flux as being homogeneous and equal
to the solar value. This is because most positrons detected
in the solar neighborhood have been created locally, over a
region where the proton flux does not vary significally. This
will be discussed further in the final section.

For the sake of simplicity, we show only the impact of
the pH interaction on the determination of the positron
spectrum, but we recall that our results in the subsequent
sections refer to cosmic ray protons and ↵ interacting with
both IS hydrogen and helium with densities of nH = 0.9
cm�3 and nHe = 0.1 cm�3 respectively. These average val-
ues for the hydrogen and helium densities are of course
approximations based on local estimates, but we do not
expect significant changes in the averaging within the kpc
scale (Ferrière et al. 2007), which, as we show in the sub-
sequent sections, is the relevant scale for the secondary
positron propagation. Cross–sections for heavy nuclei were
dealt with in the same way as in Norbury & Townsend
(2007).

3. Propagation

In the Galaxy, a charged particle travelling between its
source and the solar neighborhood is a↵ected by several
processes. Scattering by magnetic fields leads to a random
walk in both real space (di↵usion) and momentum space
(di↵usive reacceleration). Particles may also be spatially
convected away by the galactic wind (which induces
adiabatic losses), and lose energy as they interact with
either interstellar matter or the electromagnetic field
and radiation of the Galaxy (by synchrotron radiation
and inverse Compton processes). Above a few GeV, the
propagation of positrons in the Milky Way is dominated
by space di↵usion and energy losses.

In this paper, the di↵usion coe�cient is assumed to
be homogeneous and isotropic, with a dependence on en-
ergy given by K(E) = � K0 (R/1 GV)�, where the mag-
netic rigidity R is related to the momentum p and elec-
tric charge Ze by R = pc/Ze. Cosmic rays are confined
within a cylindrical di↵usive halo of radius R = 20 kpc
and height 2L, their density vanishing at the boundaries
N(|z| = L, r) = N(z, r = R) = 0. As discussed below, the
radial boundary has a negligible e↵ect on the density of
positrons in the Solar System. In this section, we do not
consider the possibility of Galactic convection and di↵u-
sive reacceleration. These processes are taken into account
in Sect. 4.2, where we demostrate that they have little ef-
fect. The convective wind is assumed to carry cosmic rays
away from the Milky Way disk in the z direction at a con-
stant velocity Vc. Di↵usive reacceleration depends on the
velocity Va of the Alfvèn waves. The free model param-
eters are therefore the size L of the di↵usive halo, both
the normalization K0 and spectral index � of the di↵u-
sion coe�cient, the convective wind velocity Vc, and the
Alfvèn velocity Va (see Sect. 3.3 for additional details).
This model has been consistently used in several studies to
constrain the propagation parameters (Maurin et al. 2001,
2002; Donato et al. 2002) and examine their consequences
(Taillet & Maurin 2003; Maurin & Taillet 2003) for the
standard p flux (Donato et al. 2001), the exotic p and d

fluxes (Maurin et al. 2004, 2006; Donato et al. 2004; Barrau
et al. 2002, 2005; Bringmann & Salati 2007), and also for
positrons (Lavalle et al. 2008b; Delahaye et al. 2008). The
reader is referred to Maurin et al. (2001) for a more detailed
presentation and motivation of the framework.

3.1. The Green function for positrons

The propagation of positrons di↵ers from that of the nu-
clei in several respects. Although space di↵usion is an
essential ingredient common to all cosmic ray species,
positrons su↵er mostly from inverse Compton and syn-
chrotron energy losses, e.g. Moskalenko & Strong 1998,
whereas (anti–)protons are mostly sensitive to the galactic
wind and the nuclear interactions as they cross the Milky
Way disk. As a result, a positron line at source leads to
an extended spectrum after its propagation. This disagrees
with studies of most nuclear species for which, as first ap-
proximation, energy losses can be neglected. Consequently,
the di↵usion equation that leads to the positron number
density N per unit of volume and energy, with the source
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Figure 3. Results of our simultaneous fit on the AMS-02 data for the electron flux (top left), positron
flux (top right), electron plus positron flux (bottom left) and positron fraction (bottom right). The
best fit model is represented by the solid black line, and is embedded in its 3� uncertainty band (cyan
strip). In each panel, the dot-dashed yellow line represents the electron flux from the far (>3 kpc)
SNR population, the dotted green line the electrons from the local SNRs, while the short dashed blue
line describes the positron and electron flux from PWN and the long dashed red takes into account
the secondary contribution to both electron and positron flux. The fit is performed on all the AMS-02
data simultaneously. Together with our theoretical model, data from AMS-02 [6–8], Fermi-LAT [4, 5],
Pamela [1–3], Heat [182–185], Caprice [186, 187], Bets [188, 189] and Hess experiments [46, 190] are
reported. Long-dashed lines report the corresponding interstellar fluxes, before solar modulation.

In Fig. 3, we show the result of the fit on all the four leptonic observables: the flux
of electrons plus positrons, electrons, positrons and the positron fraction. The four panels
report the total flux for each observable, together with the single subcomponents arising
from the different categories of sources. Fig. 3 also shows AMS-02 data and data from
previous experiments. The best fit to each observable is shown as a solid line, embedded in
its 3� uncertainty band. The result of the analysis shows a quite remarkable agreement with
AMS-02 data: this is confirmed by the value of the best-fit chi-squared: �

2
/d.o.f. = 0.65,

for 236 data points and 6 degrees of freedom. The best fit-values of the 6 parameters are:
⌘ = 0.0320± 0.0016, �PWN = 1.90± 0.03 for the PWN sources, Q0 = (2.748± 0.027)⇥ 1050

GeV�1 and � = 2.382± 0.004 for the far SNRs, the renormalization of e+ and e

� secondary
contribution is q̃sec = 1.080 ± 0.026, and the Fisk potential turns out be 830 ± 22 MV. The
value of Q0 is similar to the one derived in Sec. 2.1 for the 88 sources of the Green catalog
with measured radio index, flux and distance.

The various electrons and positrons sources have different impact in the reconstruction
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Secondary positrons relevant  
            for E < 50 GeV  

secondary 

Data needed for  
p+p and p+He à e+ + X 



 

Conclusions   
 

ANTIMATTER (antiproton, antideuterons, positrons) in cosmic rays is a 
clue ingredient in order search for (or set limits) to dark matter  

annihilating in the halo of the Milky Way 
 

Propagation uncertainties are now confined to <10-20%,  and are going to 
be further reduced by AMS-02 data 

 
Cosmic antiproton data are expected with few% errors,  

while nuclear physics may bring uncertainties ~ 50% 
 

The lack of data on several lab cross section puts serious limits in the 
interpretation of forthcoming cosmic ray data.  

  
A direct measurement of p-, γ,e+,D- inclusive production 

cross section from p + p, and p+He à p- + X, ….  
 is mandatory in order to interpret unambiguously  

future cosmic ray data. 



Comparison with pp data 

•  The covered parameter  
    space is appropriate 
 
•  The level of accuracy  
     is not adequate 
 
•  NA61 data are  
    strongly welcome 



The antiproton source term 

Uncertainty in  
 
the cross sections 
 
 reflects  directly  
 
on the source term 
 
and then in the flux 
 
predicted at the Earth 



WIMP INDIRECT SIGNALS  

Annihilation inside celestial bodies (Sun, Earth): 
Ø  ν at neutrino telescopes as up-going muons 

             
Annihilation in the galactic halo: 

       � γ-rays (diffuse, monochromatic line), multiwavelength 
 

       �   antimatter, searched as rare components in cosmic rays (CRs) 
 
 

 ν and γ keep directionality 
à SOURCE DENSITY 

Charged particles diffuse in the galactic halo 
à ASTROPHYSICS OF COSMIC RAYS! 

Dpe ,,+



p-pàpbar cross section data  
                    Di Mauro, FD, Goudelis, Serpico PRD 2014, 1408.0288; Kappl, Winkler 1408.0299 

Existing data on p-p à pbar + X  



4. Antihelium 
 

Zero antihelia measured, Pamela upper limits.   
No detection perspectives in a near future 

Pamela, JETP Lett., 2011   


