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Fritz Zwicky et l’amas de Coma – 1933

Courbes de rotation plates des galaxies spirales

Abell 2218 est situé 1 Gpc dans la constellation du Dragon

gaz chaud (rouge) 6= matière noire (bleue)

Anisotropies dans le fond de rayonnement micro-onde (CMB)

Confirmation d’un univers plat avec matière noire et énergie sombre

• La matière noire est présente aux échelles cosmologiques.

• Elle contribue de manière importante à la masse totale de l’univers.

• Elle est de nature exotique.

⌦DMh
2 = 0.1196± 0.0031

2

Fritz Zwicky and the Coma cluster – 1933

Spiral galaxies have flat rotation curves

Abell 2218 is located in the Dragon constellation at 1 Gpc

hot gas (red) 6= dark matter (blue)

Anisotropies in the cosmic micro-wave background (CMB)

Confirmation d’un univers plat avec matière noire et énergie sombre

• Dark matter is also detected at cosmological scales.

• This component contributes substantially to the mass of the universe.

• Last but not least, its nature is unknown.

⌦DMh2 = 0.1196± 0.0031

3

Antiproton cosmic rays: Has dark matter been detected?

Pierre Salati – LAPTh & Université Savoie Mont Blanc
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Abell 2218 est situé 1 Gpc dans la constellation du Dragon

gaz chaud (rouge) 6= matière noire (bleue)

Anisotropies dans le fond de rayonnement micro-onde (CMB)

Confirmation d’un univers plat avec matière noire et énergie sombre
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A plethora of DM candidates have been proposed

+
Weakly interacting massive particles – WIMPs

• predicted by most BSM extensions

• stable by conservation of a quantum number

• 10 to 104 times more massive than the proton

• no electric charge – neutral species

• weak interactions like neutrinos

• produced during the Big-Bang

• relic abundance today compatible with Planck
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• Direct Detection – Observing the impact of a cosmic WIMP on a nucleus through
the energy transferred by the collision.

� + quark ! � + quark

• Indirect Detection – WIMPs continuously annihilate and produce SM particles
such as gamma-rays, neutrinos, but also rare antimatter species like positrons, an-
tiprotons and even antideuterons.

� + � ! qq̄, W+W�, . . . ! �, p̄, D̄, e+, ⌫ 0s

Confirmation par AMS-02 d’un excès de positons au-dessus de 10 GeV

Présence de positons primaires
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  AMS Collaboration 

          CERN, Geneva, 15 April 2015 
 
 

“AMS Days at CERN” and Latest Results from the AMS Experiment on the International 
Space Station 

  
 
 
Results from the Alpha Magnetic Spectrometer (AMS) on the International Space Station (ISS) will be the 
focus of the three day “AMS Days at CERN” meeting, an occasion that brings together many of the 
world’s leading theoretical physicists and principal investigators of some of the major experiments 
exploring the field of cosmic ray physics (IceCube, Pierre Auger Observatory, Fermi-LAT, H.E.S.S. and 
CTA, the Telescope Array, JEM-EUSO, and ISS-CREAM). 
 
The main objective of this scientific exchange is to understand the interrelation between AMS results and 
those of other major cosmic rays experiments and current theories.  The latest results (published and to 
be published) from AMS will be presented by members of the AMS international collaboration during the 
three day event. 
 
AMS is the only major particle physics experiment on the ISS.  In its first four years on orbit, AMS has 
collected more than 60 billion cosmic ray events (electrons, positrons, protons, antiprotons, and nuclei of 
helium, lithium, boron, carbon, oxygen, …) up to multi-TeV energies.  As an external payload on the ISS 
through at least 2024, AMS will continue to collect and analyze an increasing volume of statistics at 
highest energies which, combined with in-depth knowledge of the detector and systematic errors, will 
produce valuable insight. 
 
The AMS results on the positron fraction, the electron spectrum, the positron spectrum, and the 
combined electron plus positron spectrum are consistent with dark matter collisions and cannot be 
explained by existing models of the collision of ordinary cosmic rays.  There are many new models 
showing that the results may be explained by new astrophysical sources (such as pulsars) or new 
acceleration and propagation mechanisms (such as supernova remnants). 
 
To distinguish if the observed new phenomena are from dark matter, measurements are underway by 
AMS to determine the rate at which the positron fraction falls beyond its maximum, as well as the 
measurement of the antiproton to proton ratio.  As seen in Figure 1, the antiproton to proton ratio stays 
constant from 20 GeV to 450 GeV kinetic energy.  This behavior cannot be explained by secondary 
production of antiprotons from ordinary cosmic ray collisions.  Nor can the excess of antiprotons be easily 
explained from pulsar origin.  The latest results on these studies will be reported by the AMS 
Collaboration during “AMS Days at CERN” and in future publications. 
 
In addition, a thorough understanding of the process involved in the collision of ordinary cosmic rays is a 
requirement in understanding the AMS results mentioned above.  The AMS Collaboration will also report 
on the most recent results on the precision studies of nuclei spectra (such as protons, helium and lithium) 
up to multi-TeV energies.   
 
The latest data on the precision measurement of proton flux in cosmic rays from 1 GV to 1.8 TV rigidity 
(momentum/charge) will appear shortly in Physical Review Letters. These results are based on 300 
million proton events.  AMS has found that the proton flux is characteristically different from all the 
existing experimental results.  As seen in Figure 2, the AMS result shows the measured flux changes its 
behavior at ~300 GV rigidity. The solid line is a fit to the data.  The dashed line in Figure 2 is the proton 
flux expected with no change in behavior; as seen, it does not agree with the data.   
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Figure 1.  Antiproton to proton ratio measured by AMS.  As seen, the measured ratio cannot be explained 
by existing models of secondary production. 
 
 
Most surprisingly, AMS has also found, based on 50 million events, that the helium flux exhibits nearly 
identical and equally unexpected behavior as the proton flux (see Figure 3).  AMS is currently studying 
the behavior of other nuclei in order to understand the origin of this unexpected change. 
 
These unexpected new observations provide important information on the understanding of cosmic ray 
production and propagation. 
 
The latest AMS measurements of the positron fraction, the antiproton/proton ratio, the behavior of the 
fluxes of electrons, positrons, protons, helium, and other nuclei provide precise and unexpected 
information.  The accuracy and characteristics of the data, simultaneously from many different types of 
cosmic rays, require a comprehensive model to ascertain if their origin is from dark matter, astrophysical 
sources, acceleration mechanisms or a combination. 
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Antiprotons Production in the Galaxy

• Secondary antiprotons are produced through the spallations of
cosmic–ray protons and He nuclei on the interstellar material.

p (CR) + H (ISM) ! p̄ + X

+

qsecp̄ (r, Ep̄) = 4⇡

Z +1

E0
p

d�pH!p̄

dEp̄
{Ep ! Ep̄} nH�p(r, Ep) dEp

•Primary antiprotons originate from the annihilations of the dark matter
species – WIMPs in our case – concealed in the Galactic halo.

� + � ! q q̄, W+W�, HH, ... ! p̄ + X

+

qsusyp̄ (r, z, Ep̄) =
1

2
h�annvi g(Tp̄)

⇢
⇢�(r, z)

m�

�2
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June 3, 2015: The Spacetime Odyssey Continues – Nordita @ Piperska Muren, Stockholm

June 3, 2015: The Spacetime Odyssey Continues – Nordita @ Piperska Muren, Stockholm

Outline

1) Cosmic rays as an indirect probe for dark matter

2) A new estimate of the antiproton background

3) Limits on DM properties – a status report

1) Cosmic rays as an indirect probe for dark matter

2) A new estimate of the antiproton background

3) Limits on DM properties – a status report

Backgrounds to a putative DM signal need to understood

Production cross sections – solar modulation – cosmic ray propagation

DM signal ?

background well determined

p̄/p ⇠ B/C

best DM probe

Re-analysis of the CR antiproton background

New limits can be set on DM properties

1



The relation between dark matter and cosmic rays

Pierre Salati – LAPTh & Université Savoie Mont Blanc
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Institute for Theoretical Particle Physics and Cosmology – RWTH Aachen University – May 19, 2015

Institute for Theoretical Particle Physics and Cosmology – RWTH Aachen University – May 19, 2015

Outline

1) Cosmic rays as an indirect probe for dark matter

2) The propagation of galactic cosmic rays

3) The high-energy positron anomay & pulsars

4) Has an antiproton excess been discovered ?

1) Cosmic rays as an indirect probe for dark matter

2) The propagation of galactic cosmic rays

3) The high-energy positron anomay & pulsars

4) Has an antiproton excess been discovered ?

Backgrounds to a putative DM signal need to understood

Production cross sections – solar modulation – cosmic ray propagation

DM signal ?

background well determined

p̄/p ⇠ B/C

best DM probe

1

The relation between dark matter and cosmic rays

Pierre Salati – LAPTh & Université Savoie Mont Blanc
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Antiprotons Production in the Galaxy

• Secondary antiprotons are produced through the spallations of
cosmic–ray protons and He nuclei on the interstellar material.

p (CR) + H (ISM) ! p̄ + X

+

qsecp̄ (r, Ep̄) = 4⇡

Z +1

E0
p

d�pH!p̄

dEp̄
{Ep ! Ep̄} nH�p(r, Ep) dEp

New developments since 2008

– CR p and He fluxes measured with improved accuracy.

�sec
p̄ (Ep̄) / qsecp̄ (Ep̄) / �p(Ep⇠10⇥Ep̄)

+
p̄/p(E) / �p(⇠10⇥E)/�p(E) / 10�↵

p̄/p depends on the CR proton spectral index ↵

– CR p and He fluxes measured with improved accuracy.
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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]

Φ ¼ C
!

R
45 GV

"
γ
#
1þ

!
R
R0

"Δγ=s$s
; ð3Þ

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% 0.0004ðfitÞþ0.0037

−0.0047ðsysÞþ0.0027
−0.0025

ðsolÞ m−2sr−1sec−1GV−1, γ ¼ −2.849 % 0.002ðfitÞþ0.004
−0.003

ðsysÞþ0.004
−0.003ðsolÞ, Δγ ¼ 0.133þ0.032

−0.021ðfitÞþ0.046
−0.030ðsysÞ %

0.005ðsolÞ, s ¼ 0.024þ0.020
−0.013ðfitÞþ0.027

−0.016ðsysÞ
þ0.006
−0.004ðsolÞ, and

R0 ¼ 336þ68
−44ðfitÞþ66

−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
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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
~R2þM2

p

q
−Mp

where Mp is the proton mass.
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Antiprotons Production in the Galaxy

• Secondary antiprotons are produced through the spallations of
cosmic–ray protons and He nuclei on the interstellar material.
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+
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New developments since 2008

– CR p and He fluxes measured with improved accuracy.
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Antiprotons Production in the Galaxy

• Secondary antiprotons are produced through the spallations of
cosmic–ray protons and He nuclei on the interstellar material.

p (CR) + H (ISM) ! p̄ + X
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New developments since 2008

– CR p and He fluxes measured with improved accuracy.
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June 3, 2015: The Spacetime Odyssey Continues – Nordita @ Piperska Muren, Stockholm

June 3, 2015: The Spacetime Odyssey Continues – Nordita @ Piperska Muren, Stockholm

Outline

1) Cosmic rays as an indirect probe for dark matter

2) A new estimate of the antiproton background

3) Limits on DM properties – a status report

1) Cosmic rays as an indirect probe for dark matter

2) A new estimate of the antiproton background

3) Limits on DM properties – a status report

Backgrounds to a putative DM signal need to understood

Production cross sections – solar modulation – cosmic ray propagation

DM signal ?

background well determined

p̄/p ⇠ B/C

best DM probe

Re-analysis of the CR antiproton background

New limits can be set on DM properties

1

Antiprotons Production in the Galaxy

• Secondary antiprotons are produced through the spallations of
cosmic–ray protons and He nuclei on the interstellar material.

p (CR) + H (ISM) ! p̄ + X

+

qsecp̄ (r, Ep̄) = 4⇡

Z +1

E0
p

d�pH!p̄

dEp̄
{Ep ! Ep̄} nH�p(r, Ep) dEp

New developments since 2008

– CR p and He fluxes measured with improved accuracy.

�sec
p̄ (Ep̄) / qsecp̄ (Ep̄) / �p(Ep⇠10⇥Ep̄)

+
p̄/p(E) / �p(⇠10⇥E)/�p(E) / 10�↵

p̄/p depends on the CR proton spectral index ↵

– CR p and He fluxes measured with improved accuracy.

7



Antiprotons Production in the Galaxy

• Secondary antiprotons are produced through the spallations of
cosmic–ray protons and He nuclei on the interstellar material.

p (CR) + H (ISM) ! p̄ + X

+

qsecp̄ (r, Ep̄) = 4⇡

Z +1

E0
p

d�pH!p̄

dEp̄
{Ep ! Ep̄} nH�p(r, Ep) dEp

New developments since 2008

– New parameterization of d�pH!p̄/dEp̄ from BRAHMS and NA49.

8

Antiproton cosmic rays: Has dark matter been detected?

Pierre Salati – LAPTh & Université Savoie Mont Blanc
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Theoretical predictions for the cosmic antiproton spectrum currently fall short of the correspond-
ing experimental level of accuracy. Among the main sources of uncertainty are the antiproton
production cross sections in cosmic ray inelastic interactions. We analyse existing data on antipro-
ton production in pp scattering, including for the first time the measurements performed by the
NA49 Collaboration. We compute the antiproton spectrum finding that in the energy range where
data are available (antiproton energies of about 4-550 GeV) di↵erent approaches lead to almost
equivalent results, with an uncertainty of 10-20%. Extrapolations outside this region lead to di↵er-
ent estimates, with the uncertainties reaching the 50% level around 1 TeV, degrading the diagnostic
power of the antiproton channel at those energies. We also comment on the uncertainties in the
antiproton production source term coming from nuclei heavier than protons and from neutrons
produced in pp scatterings, and point out the need for dedicated experimental campaigns for all
processes involving antiproton production in collisions of light nuclei.

PACS numbers: 13.85.-t,13.85.Ni98.70.Sa

I. INTRODUCTION

Cosmic ray (CR) antiprotons are a remarkable diagnos-
tic tool for astroparticle physics. The bulk of the mea-
sured flux is certainly consistent with a purely secondary
origin in CR collisions onto interstellar medium gas, but
additional primary components are not excluded, either
of astrophysical origin (see for instance [1]) or of exotic
nature, such as dark matter annihilation or decay [2]. At
very least, antiprotons provide a consistency check for the
current understanding of galactic CR modeling and can
narrow down propagation parameters (see e.g. [3–5]).

This tool is however only as sharp as the uncertainties
entering the background (i.e. the secondary component)
and signal (i.e. the primary component) computations
are robust. Statistical and systematic errors reported by
the PAMELA collaboration [6] are already at the 10%
level up to the 10 GeV scale, below the theoretical error.
In a short time, AMS-02 [7] is expected to provide signif-
icantly higher precision, calling for a reassessment of the
theoretical predictions.

The contribution of di↵erent processes to the p̄ sec-
ondary yield has been studied in the past, see e.g. [8–
10]. In [9], for instance, the uncertainties on the pro-
duction cross sections were estimated to be ⇠ 25%, and
already identified as the limiting factor in theoretical pre-
dictions (see also [10] for similar considerations). In prac-
tice, nuclei heavier than protons and helium only con-
tribute at a few percent level (see e.g. [8]), thus playing
a very marginal role, either as projectiles or targets, in
the antiproton production. Reactions involving helium
(p-He, He-p, He-He) represent a sizable fraction of the
total yield, easily reaching ⇠ 50% at low energies [9].

While for processes involving helium nuclei no data is
available, the situation is di↵erent for the proton-proton
case, where there are several experimental studies. The
latest re-evaluation of the antiproton production yield in

pp collsions was reported in [11], while the Tan & Ng
parameterization [12] is still largely used, despite being
more than 30 years old. The reason is that, until recently,
the available dataset was limited to data only collected
in the sixties and seventies. In the last decade, however,
two more experimental datasets have become available:
the BRAHMS data [13] and—more important for the en-
ergies of interest for AMS-02 applications—the NA49 re-
sults collected at the CERN Super Proton Synchrotron
(SPS) [14].

Given the importance of these nuclear data for new
measurements in astroparticle physics, it seems thus
timely to re-evaluate the antiproton production cross sec-
tion in pp collisions in light of this newly available infor-
mation. In this paper we engage ourselves in this task, in
order to provide the community with a parametrization
for the inclusive antiproton production cross section as
well as with a reliable assessment of the corresponding
uncertainties that should be taken into account in CR
studies.

The outline of the paper goes as follows: in section II
we set up the relevant formalism, present the experimen-
tal data that will be used subsequently and describe the
analysis methods. In section III we present our results.
We begin by validating our analysis framework by repro-
ducing existing results in the literature and then move on
to evaluate the inclusive antiproton production cross sec-
tion, first relying solely on the novel NA49 data and then
on the full set of available measurements. In section IV
we briefly comment on the impact of other contributions
entering the secondary antiproton source term, namely of
antineutrons and helium nuclei. Finally, in section V we
discuss our key results and present our conclusions. Two
appendices follow, where we present some—standard but
useful—kinematics used in our analysis as well as a new
evaluation of the total, elastic and inelastic pp scattering
cross sections that we performed for the energy range of
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D1 (error) D2 (error) D3 (error) D4 (error) D5 (error) D6 (error) D7 (error)

4.22(0.66) 3.435(0.016) 0.0067(0.0014) 0.0510(0.050) 3.609(0.021) 0.0209(0.0010) 3.086(0.083)

TABLE II. Best-fit values and 1� errors for the parameters Di in Eq.(9) resulting from a fit to the [11] dataset.

C1 (error) C2 (error) C3 (error) C4 (error) C5 (error) C6 (error)

7.56(1.15) 0.245(0.148) 0.0164(0.0025) 2.37(0.13) 0.0352(0.0020) 2.902(0.059)

TABLE III. Best-fit parameters and 1� errors to the NA49 data [14] with Eq.(11) .

As a first step, we used an improved version of Eq.(11)
introducing an explicit dependence on s, namely

E

d

3

�

dp

3

= �

in

(s)(1� xR)
C

1

e

�C
2

xR (12)
h
C

3

(
p
s)C4

e

�C
5

pT + C

6

(
p
s)C7

e

�C
8

p2

T

i
.

This parametrization of the cross section is similar to the
one proposed in [27] except for the absence of a

p
s ex-

ponent in the (1 � xR)C1 term. The fit gives a reduced
chi-square of �

2

⌫ = 4.16, with a number of degrees of
freedom of 385. The best-fit values and uncertainties are
reported in Table IV. We have also checked that consid-
ering the exact form as in [27] we obtain an even worse
fit to the data (�2

⌫ = 5.6 with 385 degrees of freedom).
Motivated by the relatively poor quality of the fit, we

tried an extended version of Eq.(12), namely
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where the absolute value simply prevents the function
from becoming negative in some corners of parameter
space. Compared to the previous function, this one fur-
ther contains the exponential of a cubic function of pT
and an additional s-dependence. The best-fit parameters
for Eq.(13) are reported in Table V. This parametriza-
tion yields a somewhat better �2

⌫ = 3.30 for 382 degrees
of freedom.

The improved value of �2

⌫ is obtained at the expense
of some rescaling of the datasets. With respect to our
best result given by Eq.(13), the measurements reported
in [13, 14, 18–23] are renormalised respectively by factors
!k of {0.87, 1.04, 1.16, 0.98, 0.95, 1.13, 1.02, 1.16}. There-
fore the NA49 data [14], which represent the bulk of the
fitting procedure, are renormalised by a negligible ⇠ 2%
while [13, 18, 19, 23] by more than 10%. Interestingly, the
largest renormalization value is 16% for the BRAHMS
dataset [13] giving a factor of 1.16, still not particularly
significant given the statistical errors, yet perhaps in-
dicative of some “theoretical error” e↵ects which become
more prominent when an agreement over a large energy
range is demanded. We display in Fig. 5 the compari-
son of the cross section best fit and 3� uncertainty band

according to Eq.(13) with the datasets [14, 18–23]. We
omit the comparison with the BRAHMS results, because
in this case the cross section has only been measured
along a line in the (pT , xR) space (see Fig. 1). Neverthe-
less, the di↵erence between our best fit cross section and
the data in [13] is at most ⇠ 30%. We see that most of
the data are well reproduced by the fitting function of
Eq.(13) at all pT values. This is true in particular for
the NA49 data, except for a slight overestimation at the
lowest pT value. We have however checked that a 20%
shift in the di↵erential cross section for pT < 0.15 has a
negligible e↵ect on the antiproton source term (less than
5%).

We then repeated the interpolation analysis, previ-
ously only performed for NA49, for the entire dataset.
In this case, the parameter space coverage is such that
there is no need to supplement the dataset with “fake”
points, as previously done for the NA49 data alone. The
spline method results in this case are, thus, fully data-
driven, modulo our implicit assumption concerning the
cross section

p
s scaling according to an overall factor

�

in

(s).

In Fig. 6 we compare the results obtained for the an-
tiproton source term through our fits according to the
equations (13) and (12), as well as the estimate based on
our spline interpolation. The energy range where pp data
(except for BRAHMS) are available is bracketed by the
vertical lines. We see that above 10 GeV, and within the
region where experimental data are available, all three
methods yield compatible results. At lower and higher
energies, however, there is a significant departure of the
three estimates. We will discuss the implications of these
results in much more detail in section VA.

In order to compare the results derived in this sec-
tion to previous published proton-proton cross section
estimates, we show in Fig. 7 the best fit and 3� uncer-
tainty band source term calculated with our results and
the best fit source term derived with the parametrizations
adopted in [11, 12]. Again, in the range of antiproton ki-
netic energy where data exist, our 3� band is compatible
with [11, 12], except in the low energy region tail T < 7
GeV and for [12] at T > 300 GeV.
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FIG. 3. Comparison between NA49 data with the fitting function of Eq.(11), see Table III, with 3� error bands. For clarity, the
data and the theoretical curves at each pT value have been multiplied by a factor of 0.9npT , where npT is the integer counting
the pT , from lower to higher (i.e.: for pT= 0.60 GeV/c2 the rescaling is 0.96).

C1 (error) C2 (error) C3 (error) C4 (error) C5 (error) C6 (error) C7 (error) C8 (error)

4.499(0.040) 3.41(0.11) 0.00942(0.00083) 0.445(0.027) 3.502(0.018) 0.0622(0.0086) -0.247(0.049) 2.576(0.027)

TABLE IV. Best-fit values and 1� errors for the parameters Ci in Eq.(12) derived with a fit to all datasets.

C1 (error) C2 (error) C3 (error) C4 (error) C5 (error) C6 (error)

4.448(0.035) 3.735(0.094) 0.00502(0.00036) 0.708(0.019) 3.527(0.014) 0.236(0.024)

C7 (error) C8 (error) C9 (error) C10 (error) C11 (error)

-0.729(0.036) 2.517(0.027) �1.822(0.009)10�11 3.527(0.022) 0.384(0.021)

TABLE V. Best-fit values and 1� errors for the parameters Ci in Eq.(13) derived with a fit to all datasets.

IV. CONTRIBUTIONS FROM NEUTRONS
AND NUCLEI

In order to obtain the total antiproton source term,
two more e↵ects should be taken into account: the ef-
fects of nuclear projectiles and targets in the collisions,
and the yield coming from antineutron production. An
exhaustive treatment of both subjects goes beyond our
current purposes. For completeness, however, in the fol-
lowing we summarise the re-scalings of the yield from the
pp ! p̄ process that are usually adopted in the literature
to account for both the processes, and some of the issues
involved.

Concerning nuclear enhancements (e↵ects of proton-
nucleus, nucleus-proton, and nucleus-nucleus collisions),
unfortunately very little data are present, notably none
for the most important channels which are the ones in-
volving helium. One possible strategy to deduce cross
sections for reactions involving helium is to constrain
those of nuclear species for which some data are available,
and extrapolate from heavier species to lighter ones, see

e.g. [11]. Given that helium is quite light, however, it
has often been considered reliable to deduce the relevant
cross sections from rescaling the pp ones either with semi-
empirical formulae or via hadronic models, see e.g. [9].
The most recent dedicated studies were performed on
the basis of the Monte Carlo (MC) model DTUNUC
in [28] and in [9]. The models implemented in the soft-
ware are based on the Dual Parton Model [29] and the
Gribov-Glauber approach for a unified treatment of soft
and hard scattering processes. The former are parame-
terised according to Regge phenomenology whereas the
latter rely on lowest order perturbative QCD. Eventually,
DTUNUC formed the basis of/merged into DPMJET-III
(see [30] and refs. therein for further details) 2.
A fit of the nuclei enhancement yield of antiprotons found
in [28] compared to the one in pp collision, is given in [10]:

2
Recently, some new theoretical evaluation appeared in the Ap-

pendix of [31].
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I. INTRODUCTION

Cosmic ray (CR) antiprotons are a remarkable diagnos-
tic tool for astroparticle physics. The bulk of the mea-
sured flux is certainly consistent with a purely secondary
origin in CR collisions onto interstellar medium gas, but
additional primary components are not excluded, either
of astrophysical origin (see for instance [1]) or of exotic
nature, such as dark matter annihilation or decay [2]. At
very least, antiprotons provide a consistency check for the
current understanding of galactic CR modeling and can
narrow down propagation parameters (see e.g. [3–5]).

This tool is however only as sharp as the uncertainties
entering the background (i.e. the secondary component)
and signal (i.e. the primary component) computations
are robust. Statistical and systematic errors reported by
the PAMELA collaboration [6] are already at the 10%
level up to the 10 GeV scale, below the theoretical error.
In a short time, AMS-02 [7] is expected to provide signif-
icantly higher precision, calling for a reassessment of the
theoretical predictions.

The contribution of di↵erent processes to the p̄ sec-
ondary yield has been studied in the past, see e.g. [8–
10]. In [9], for instance, the uncertainties on the pro-
duction cross sections were estimated to be ⇠ 25%, and
already identified as the limiting factor in theoretical pre-
dictions (see also [10] for similar considerations). In prac-
tice, nuclei heavier than protons and helium only con-
tribute at a few percent level (see e.g. [8]), thus playing
a very marginal role, either as projectiles or targets, in
the antiproton production. Reactions involving helium
(p-He, He-p, He-He) represent a sizable fraction of the
total yield, easily reaching ⇠ 50% at low energies [9].

While for processes involving helium nuclei no data is
available, the situation is di↵erent for the proton-proton
case, where there are several experimental studies. The
latest re-evaluation of the antiproton production yield in

pp collsions was reported in [11], while the Tan & Ng
parameterization [12] is still largely used, despite being
more than 30 years old. The reason is that, until recently,
the available dataset was limited to data only collected
in the sixties and seventies. In the last decade, however,
two more experimental datasets have become available:
the BRAHMS data [13] and—more important for the en-
ergies of interest for AMS-02 applications—the NA49 re-
sults collected at the CERN Super Proton Synchrotron
(SPS) [14].

Given the importance of these nuclear data for new
measurements in astroparticle physics, it seems thus
timely to re-evaluate the antiproton production cross sec-
tion in pp collisions in light of this newly available infor-
mation. In this paper we engage ourselves in this task, in
order to provide the community with a parametrization
for the inclusive antiproton production cross section as
well as with a reliable assessment of the corresponding
uncertainties that should be taken into account in CR
studies.

The outline of the paper goes as follows: in section II
we set up the relevant formalism, present the experimen-
tal data that will be used subsequently and describe the
analysis methods. In section III we present our results.
We begin by validating our analysis framework by repro-
ducing existing results in the literature and then move on
to evaluate the inclusive antiproton production cross sec-
tion, first relying solely on the novel NA49 data and then
on the full set of available measurements. In section IV
we briefly comment on the impact of other contributions
entering the secondary antiproton source term, namely of
antineutrons and helium nuclei. Finally, in section V we
discuss our key results and present our conclusions. Two
appendices follow, where we present some—standard but
useful—kinematics used in our analysis as well as a new
evaluation of the total, elastic and inelastic pp scattering
cross sections that we performed for the energy range of
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Antiprotons Production in the Galaxy

• Secondary antiprotons are produced through the spallations of
cosmic–ray protons and He nuclei on the interstellar material.

p (CR) + H (ISM) ! p̄ + X

+

qsecp̄ (r, Ep̄) = 4⇡

Z +1

E0
p

d�pH!p̄

dEp̄
{Ep ! Ep̄} nH�p(r, Ep) dEp

New developments since 2008

– New parameterization of d�pH!p̄/dEp̄ from BRAHMS and NA49.
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I. INTRODUCTION

Cosmic ray (CR) antiprotons are a remarkable diagnos-
tic tool for astroparticle physics. The bulk of the mea-
sured flux is certainly consistent with a purely secondary
origin in CR collisions onto interstellar medium gas, but
additional primary components are not excluded, either
of astrophysical origin (see for instance [1]) or of exotic
nature, such as dark matter annihilation or decay [2]. At
very least, antiprotons provide a consistency check for the
current understanding of galactic CR modeling and can
narrow down propagation parameters (see e.g. [3–5]).

This tool is however only as sharp as the uncertainties
entering the background (i.e. the secondary component)
and signal (i.e. the primary component) computations
are robust. Statistical and systematic errors reported by
the PAMELA collaboration [6] are already at the 10%
level up to the 10 GeV scale, below the theoretical error.
In a short time, AMS-02 [7] is expected to provide signif-
icantly higher precision, calling for a reassessment of the
theoretical predictions.

The contribution of di↵erent processes to the p̄ sec-
ondary yield has been studied in the past, see e.g. [8–
10]. In [9], for instance, the uncertainties on the pro-
duction cross sections were estimated to be ⇠ 25%, and
already identified as the limiting factor in theoretical pre-
dictions (see also [10] for similar considerations). In prac-
tice, nuclei heavier than protons and helium only con-
tribute at a few percent level (see e.g. [8]), thus playing
a very marginal role, either as projectiles or targets, in
the antiproton production. Reactions involving helium
(p-He, He-p, He-He) represent a sizable fraction of the
total yield, easily reaching ⇠ 50% at low energies [9].

While for processes involving helium nuclei no data is
available, the situation is di↵erent for the proton-proton
case, where there are several experimental studies. The
latest re-evaluation of the antiproton production yield in

pp collsions was reported in [11], while the Tan & Ng
parameterization [12] is still largely used, despite being
more than 30 years old. The reason is that, until recently,
the available dataset was limited to data only collected
in the sixties and seventies. In the last decade, however,
two more experimental datasets have become available:
the BRAHMS data [13] and—more important for the en-
ergies of interest for AMS-02 applications—the NA49 re-
sults collected at the CERN Super Proton Synchrotron
(SPS) [14].

Given the importance of these nuclear data for new
measurements in astroparticle physics, it seems thus
timely to re-evaluate the antiproton production cross sec-
tion in pp collisions in light of this newly available infor-
mation. In this paper we engage ourselves in this task, in
order to provide the community with a parametrization
for the inclusive antiproton production cross section as
well as with a reliable assessment of the corresponding
uncertainties that should be taken into account in CR
studies.

The outline of the paper goes as follows: in section II
we set up the relevant formalism, present the experimen-
tal data that will be used subsequently and describe the
analysis methods. In section III we present our results.
We begin by validating our analysis framework by repro-
ducing existing results in the literature and then move on
to evaluate the inclusive antiproton production cross sec-
tion, first relying solely on the novel NA49 data and then
on the full set of available measurements. In section IV
we briefly comment on the impact of other contributions
entering the secondary antiproton source term, namely of
antineutrons and helium nuclei. Finally, in section V we
discuss our key results and present our conclusions. Two
appendices follow, where we present some—standard but
useful—kinematics used in our analysis as well as a new
evaluation of the total, elastic and inelastic pp scattering
cross sections that we performed for the energy range of
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I. INTRODUCTION

Cosmic ray (CR) antiprotons are a remarkable diagnos-
tic tool for astroparticle physics. The bulk of the mea-
sured flux is certainly consistent with a purely secondary
origin in CR collisions onto interstellar medium gas, but
additional primary components are not excluded, either
of astrophysical origin (see for instance [1]) or of exotic
nature, such as dark matter annihilation or decay [2]. At
very least, antiprotons provide a consistency check for the
current understanding of galactic CR modeling and can
narrow down propagation parameters (see e.g. [3–5]).

This tool is however only as sharp as the uncertainties
entering the background (i.e. the secondary component)
and signal (i.e. the primary component) computations
are robust. Statistical and systematic errors reported by
the PAMELA collaboration [6] are already at the 10%
level up to the 10 GeV scale, below the theoretical error.
In a short time, AMS-02 [7] is expected to provide signif-
icantly higher precision, calling for a reassessment of the
theoretical predictions.

The contribution of di↵erent processes to the p̄ sec-
ondary yield has been studied in the past, see e.g. [8–
10]. In [9], for instance, the uncertainties on the pro-
duction cross sections were estimated to be ⇠ 25%, and
already identified as the limiting factor in theoretical pre-
dictions (see also [10] for similar considerations). In prac-
tice, nuclei heavier than protons and helium only con-
tribute at a few percent level (see e.g. [8]), thus playing
a very marginal role, either as projectiles or targets, in
the antiproton production. Reactions involving helium
(p-He, He-p, He-He) represent a sizable fraction of the
total yield, easily reaching ⇠ 50% at low energies [9].

While for processes involving helium nuclei no data is
available, the situation is di↵erent for the proton-proton
case, where there are several experimental studies. The
latest re-evaluation of the antiproton production yield in

pp collsions was reported in [11], while the Tan & Ng
parameterization [12] is still largely used, despite being
more than 30 years old. The reason is that, until recently,
the available dataset was limited to data only collected
in the sixties and seventies. In the last decade, however,
two more experimental datasets have become available:
the BRAHMS data [13] and—more important for the en-
ergies of interest for AMS-02 applications—the NA49 re-
sults collected at the CERN Super Proton Synchrotron
(SPS) [14].

Given the importance of these nuclear data for new
measurements in astroparticle physics, it seems thus
timely to re-evaluate the antiproton production cross sec-
tion in pp collisions in light of this newly available infor-
mation. In this paper we engage ourselves in this task, in
order to provide the community with a parametrization
for the inclusive antiproton production cross section as
well as with a reliable assessment of the corresponding
uncertainties that should be taken into account in CR
studies.

The outline of the paper goes as follows: in section II
we set up the relevant formalism, present the experimen-
tal data that will be used subsequently and describe the
analysis methods. In section III we present our results.
We begin by validating our analysis framework by repro-
ducing existing results in the literature and then move on
to evaluate the inclusive antiproton production cross sec-
tion, first relying solely on the novel NA49 data and then
on the full set of available measurements. In section IV
we briefly comment on the impact of other contributions
entering the secondary antiproton source term, namely of
antineutrons and helium nuclei. Finally, in section V we
discuss our key results and present our conclusions. Two
appendices follow, where we present some—standard but
useful—kinematics used in our analysis as well as a new
evaluation of the total, elastic and inelastic pp scattering
cross sections that we performed for the energy range of
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D1 (error) D2 (error) D3 (error) D4 (error) D5 (error) D6 (error) D7 (error)

4.22(0.66) 3.435(0.016) 0.0067(0.0014) 0.0510(0.050) 3.609(0.021) 0.0209(0.0010) 3.086(0.083)

TABLE II. Best-fit values and 1� errors for the parameters Di in Eq.(9) resulting from a fit to the [11] dataset.

C1 (error) C2 (error) C3 (error) C4 (error) C5 (error) C6 (error)

7.56(1.15) 0.245(0.148) 0.0164(0.0025) 2.37(0.13) 0.0352(0.0020) 2.902(0.059)

TABLE III. Best-fit parameters and 1� errors to the NA49 data [14] with Eq.(11) .

As a first step, we used an improved version of Eq.(11)
introducing an explicit dependence on s, namely

E
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This parametrization of the cross section is similar to the
one proposed in [27] except for the absence of a

p
s ex-

ponent in the (1 � xR)C1 term. The fit gives a reduced
chi-square of �

2

⌫ = 4.16, with a number of degrees of
freedom of 385. The best-fit values and uncertainties are
reported in Table IV. We have also checked that consid-
ering the exact form as in [27] we obtain an even worse
fit to the data (�2

⌫ = 5.6 with 385 degrees of freedom).
Motivated by the relatively poor quality of the fit, we

tried an extended version of Eq.(12), namely
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where the absolute value simply prevents the function
from becoming negative in some corners of parameter
space. Compared to the previous function, this one fur-
ther contains the exponential of a cubic function of pT
and an additional s-dependence. The best-fit parameters
for Eq.(13) are reported in Table V. This parametriza-
tion yields a somewhat better �2

⌫ = 3.30 for 382 degrees
of freedom.

The improved value of �2

⌫ is obtained at the expense
of some rescaling of the datasets. With respect to our
best result given by Eq.(13), the measurements reported
in [13, 14, 18–23] are renormalised respectively by factors
!k of {0.87, 1.04, 1.16, 0.98, 0.95, 1.13, 1.02, 1.16}. There-
fore the NA49 data [14], which represent the bulk of the
fitting procedure, are renormalised by a negligible ⇠ 2%
while [13, 18, 19, 23] by more than 10%. Interestingly, the
largest renormalization value is 16% for the BRAHMS
dataset [13] giving a factor of 1.16, still not particularly
significant given the statistical errors, yet perhaps in-
dicative of some “theoretical error” e↵ects which become
more prominent when an agreement over a large energy
range is demanded. We display in Fig. 5 the compari-
son of the cross section best fit and 3� uncertainty band

according to Eq.(13) with the datasets [14, 18–23]. We
omit the comparison with the BRAHMS results, because
in this case the cross section has only been measured
along a line in the (pT , xR) space (see Fig. 1). Neverthe-
less, the di↵erence between our best fit cross section and
the data in [13] is at most ⇠ 30%. We see that most of
the data are well reproduced by the fitting function of
Eq.(13) at all pT values. This is true in particular for
the NA49 data, except for a slight overestimation at the
lowest pT value. We have however checked that a 20%
shift in the di↵erential cross section for pT < 0.15 has a
negligible e↵ect on the antiproton source term (less than
5%).

We then repeated the interpolation analysis, previ-
ously only performed for NA49, for the entire dataset.
In this case, the parameter space coverage is such that
there is no need to supplement the dataset with “fake”
points, as previously done for the NA49 data alone. The
spline method results in this case are, thus, fully data-
driven, modulo our implicit assumption concerning the
cross section

p
s scaling according to an overall factor

�

in

(s).

In Fig. 6 we compare the results obtained for the an-
tiproton source term through our fits according to the
equations (13) and (12), as well as the estimate based on
our spline interpolation. The energy range where pp data
(except for BRAHMS) are available is bracketed by the
vertical lines. We see that above 10 GeV, and within the
region where experimental data are available, all three
methods yield compatible results. At lower and higher
energies, however, there is a significant departure of the
three estimates. We will discuss the implications of these
results in much more detail in section VA.

In order to compare the results derived in this sec-
tion to previous published proton-proton cross section
estimates, we show in Fig. 7 the best fit and 3� uncer-
tainty band source term calculated with our results and
the best fit source term derived with the parametrizations
adopted in [11, 12]. Again, in the range of antiproton ki-
netic energy where data exist, our 3� band is compatible
with [11, 12], except in the low energy region tail T < 7
GeV and for [12] at T > 300 GeV.
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FIG. 3. Comparison between NA49 data with the fitting function of Eq.(11), see Table III, with 3� error bands. For clarity, the
data and the theoretical curves at each pT value have been multiplied by a factor of 0.9npT , where npT is the integer counting
the pT , from lower to higher (i.e.: for pT= 0.60 GeV/c2 the rescaling is 0.96).

C1 (error) C2 (error) C3 (error) C4 (error) C5 (error) C6 (error) C7 (error) C8 (error)

4.499(0.040) 3.41(0.11) 0.00942(0.00083) 0.445(0.027) 3.502(0.018) 0.0622(0.0086) -0.247(0.049) 2.576(0.027)

TABLE IV. Best-fit values and 1� errors for the parameters Ci in Eq.(12) derived with a fit to all datasets.

C1 (error) C2 (error) C3 (error) C4 (error) C5 (error) C6 (error)

4.448(0.035) 3.735(0.094) 0.00502(0.00036) 0.708(0.019) 3.527(0.014) 0.236(0.024)

C7 (error) C8 (error) C9 (error) C10 (error) C11 (error)

-0.729(0.036) 2.517(0.027) �1.822(0.009)10�11 3.527(0.022) 0.384(0.021)

TABLE V. Best-fit values and 1� errors for the parameters Ci in Eq.(13) derived with a fit to all datasets.

IV. CONTRIBUTIONS FROM NEUTRONS
AND NUCLEI

In order to obtain the total antiproton source term,
two more e↵ects should be taken into account: the ef-
fects of nuclear projectiles and targets in the collisions,
and the yield coming from antineutron production. An
exhaustive treatment of both subjects goes beyond our
current purposes. For completeness, however, in the fol-
lowing we summarise the re-scalings of the yield from the
pp ! p̄ process that are usually adopted in the literature
to account for both the processes, and some of the issues
involved.

Concerning nuclear enhancements (e↵ects of proton-
nucleus, nucleus-proton, and nucleus-nucleus collisions),
unfortunately very little data are present, notably none
for the most important channels which are the ones in-
volving helium. One possible strategy to deduce cross
sections for reactions involving helium is to constrain
those of nuclear species for which some data are available,
and extrapolate from heavier species to lighter ones, see

e.g. [11]. Given that helium is quite light, however, it
has often been considered reliable to deduce the relevant
cross sections from rescaling the pp ones either with semi-
empirical formulae or via hadronic models, see e.g. [9].
The most recent dedicated studies were performed on
the basis of the Monte Carlo (MC) model DTUNUC
in [28] and in [9]. The models implemented in the soft-
ware are based on the Dual Parton Model [29] and the
Gribov-Glauber approach for a unified treatment of soft
and hard scattering processes. The former are parame-
terised according to Regge phenomenology whereas the
latter rely on lowest order perturbative QCD. Eventually,
DTUNUC formed the basis of/merged into DPMJET-III
(see [30] and refs. therein for further details) 2.
A fit of the nuclei enhancement yield of antiprotons found
in [28] compared to the one in pp collision, is given in [10]:

2
Recently, some new theoretical evaluation appeared in the Ap-

pendix of [31].
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produced in pp scatterings, and point out the need for dedicated experimental campaigns for all
processes involving antiproton production in collisions of light nuclei.
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I. INTRODUCTION

Cosmic ray (CR) antiprotons are a remarkable diagnos-
tic tool for astroparticle physics. The bulk of the mea-
sured flux is certainly consistent with a purely secondary
origin in CR collisions onto interstellar medium gas, but
additional primary components are not excluded, either
of astrophysical origin (see for instance [1]) or of exotic
nature, such as dark matter annihilation or decay [2]. At
very least, antiprotons provide a consistency check for the
current understanding of galactic CR modeling and can
narrow down propagation parameters (see e.g. [3–5]).

This tool is however only as sharp as the uncertainties
entering the background (i.e. the secondary component)
and signal (i.e. the primary component) computations
are robust. Statistical and systematic errors reported by
the PAMELA collaboration [6] are already at the 10%
level up to the 10 GeV scale, below the theoretical error.
In a short time, AMS-02 [7] is expected to provide signif-
icantly higher precision, calling for a reassessment of the
theoretical predictions.

The contribution of di↵erent processes to the p̄ sec-
ondary yield has been studied in the past, see e.g. [8–
10]. In [9], for instance, the uncertainties on the pro-
duction cross sections were estimated to be ⇠ 25%, and
already identified as the limiting factor in theoretical pre-
dictions (see also [10] for similar considerations). In prac-
tice, nuclei heavier than protons and helium only con-
tribute at a few percent level (see e.g. [8]), thus playing
a very marginal role, either as projectiles or targets, in
the antiproton production. Reactions involving helium
(p-He, He-p, He-He) represent a sizable fraction of the
total yield, easily reaching ⇠ 50% at low energies [9].

While for processes involving helium nuclei no data is
available, the situation is di↵erent for the proton-proton
case, where there are several experimental studies. The
latest re-evaluation of the antiproton production yield in

pp collsions was reported in [11], while the Tan & Ng
parameterization [12] is still largely used, despite being
more than 30 years old. The reason is that, until recently,
the available dataset was limited to data only collected
in the sixties and seventies. In the last decade, however,
two more experimental datasets have become available:
the BRAHMS data [13] and—more important for the en-
ergies of interest for AMS-02 applications—the NA49 re-
sults collected at the CERN Super Proton Synchrotron
(SPS) [14].

Given the importance of these nuclear data for new
measurements in astroparticle physics, it seems thus
timely to re-evaluate the antiproton production cross sec-
tion in pp collisions in light of this newly available infor-
mation. In this paper we engage ourselves in this task, in
order to provide the community with a parametrization
for the inclusive antiproton production cross section as
well as with a reliable assessment of the corresponding
uncertainties that should be taken into account in CR
studies.

The outline of the paper goes as follows: in section II
we set up the relevant formalism, present the experimen-
tal data that will be used subsequently and describe the
analysis methods. In section III we present our results.
We begin by validating our analysis framework by repro-
ducing existing results in the literature and then move on
to evaluate the inclusive antiproton production cross sec-
tion, first relying solely on the novel NA49 data and then
on the full set of available measurements. In section IV
we briefly comment on the impact of other contributions
entering the secondary antiproton source term, namely of
antineutrons and helium nuclei. Finally, in section V we
discuss our key results and present our conclusions. Two
appendices follow, where we present some—standard but
useful—kinematics used in our analysis as well as a new
evaluation of the total, elastic and inelastic pp scattering
cross sections that we performed for the energy range of
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p (CR) + H (ISM) ! p̄ + X

+
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Z +1
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p
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dEp̄
{Ep ! Ep̄} nH�p(r, Ep) dEp
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– CR p and He fluxes measured with improved accuracy.
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Figure 3: Di↵erential antiproton multiplicity in pp and np collisions. The di↵erence between
the two distributions can possibly be related to an isospin e↵ect (see text).

The validity of this decomposition requires the independence of target and projectile factoriza-
tion, such that the total multiplicity arises from the simple superposition of both contributions.
This assumption has been experimentally verified in other hadronic interactions (e.g. by com-
paring ⇡p and pp scattering [25]).

In the forward (xf > 0) and backward (xf < 0) region, the multiplicity is dominated by
projectile and target factorization respectively. However, there appears a small feed-over at
|xf | . 0.1, where both contributions slightly leak into the “wrong” hemisphere. One can define
the target overlap function Ftar(xf ) to project out the target contribution of the multiplicity

✓
dn

dxf

◆tar

hp!p̄

= Ftar(xf )

✓
dn

dxf

◆

pp!p̄

, (13)

where h denotes an arbitrary baryon or meson projectile. The overlap function was found to
be independent of the transverse momentum pT and of

p
s if expressed in terms of xf [25]. We

take Ftar(xf ) from table 14 in [5], the projectile overlap function is simply given as Ftar(1�xf )
and fulfills the relation Ftar(xf ) + Fpro(xf ) = 1. Using overlap functions to project out the
target and projectile components, we can express

✓
dn

dxf

◆

np!p̄

= Fpro(xf )

✓
dn

dxf

◆

nn!p̄

+ Ftar(xf )

✓
dn

dxf

◆

pp!p̄

(14)

= (NIS Fpro(xf ) + Ftar(xf ))

✓
dn

dxf

◆

pp!p̄

. (15)

In the second step, we made use of the fact that proton and neutron can be understood as
doublet under an isospin symmetry which implies nnn!p̄ = npp!n̄. Further, we defined

✓
dn

dxf

◆

pp!n̄

= NIS

✓
dn

dxf

◆

pp!p̄

. (16)
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the di↵erential antiproton production cross sections. For the simulation with PYTHIA we
took into account all inelastic soft QCD processes. In the case of DPMJET, we used the
implemented standard PHOJET model without elastic collisions. GEANT was developed as
a detector simulation, but we adjusted the code to trace the event chain of single inelastic
collisions. For the hadronization, we chose the build-in FTFP model which is based on the
FRITIOF description of string fragmentation. The tool ROOT [15] was used for data analysis
and procession.

PYTHIA only deals with proton proton interactions, therefore it can only be used to
determine the dominant component of the antiproton source term. Subleading components
from processes involving helium can be obtained by use of DPMJET and GEANT. As is pointed
out in the documentation of the Monte Carlo generators, none of the three tools is suited for
the low energy regime, where the hadronization models break down. At higher energies,
however, reasonable agreement between the data-driven and Monte Carlo based evaluation of
the antiproton source term is expected.

3 Antiproton Production in Proton Proton Scattering

Proton proton scattering is the dominant source of antiprotons in our galaxy. In hadronic
collisions antiprotons are promptly produced due to the factorization of the colliding partons.
Additionally, antiprotons descend as decay products of long-lived intermediate states like an-
tineutrons or hyperons. Before we discuss the di↵erent contributions to the inclusive antiproton
production cross section, we shall turn to the energy scaling of the cross section.

3.1 Invariant Cross Section and Radial Scaling

We are interested in the inclusive production of a hadron h in the reaction pp ! h+X, where
X stands for the sum of the remaining final state particles. For this we introduce the Lorentz
invariant cross section

fpp!h = Eh
d

3
�

dp

3
h

=
Eh

⇡

d

2
�

dpLdp
2
T

, (1)

where Eh is the energy of the detected hadron and d

3
�/dp

3
h the di↵erential cross section with

respect to the three-momentum ph. The longitudinal and transverse components of ph are
denoted by pL and pT respectively. It is useful to express the invariant cross section in terms
of pT and a scaling variable. The radial and Feynman scaling variables are defined as

xR =
E

⇤

E

⇤
max

, xf =
p

⇤
Lp
s/2

, (2)

where E

⇤ and p

⇤
L denote the energy and longitudinal momentum of h in the center of mass

frame. The maximal energy is determined as E

⇤
max = (s �M

2
X +m

2
h)/(2

p
s) with MX being

the minimal mass of the recoiling particles X.
In [16, 17] a large set of experimental data was analyzed. It was shown that the invariant

cross section approaches a radial scaling limit

fpp!h(
p
s, xR, pT) �! fpp!h(xR, pT) (3)

for
p
s & 10 GeV independent of the nature of the final state hadron. This is an enormous

simplification as – within the radial scaling regime – the cross section at all center of mass

4

Here NIS denotes the isospin factor which parameterizes a possible asymmetry between n̄ and
p̄ production in pp collisions.

In figure 3, we depict the antiproton multiplicity in pp and np collisions measured by
NA49 [6]. In the case NIS = 1 both multiplicity distributions should match which appears
inconsistent with the data. Indeed using a��

2-test and taking the isospin factor to be constant,
we obtain 1.37± 0.06 at the 90% confidence level. The multiplicity distribution corresponding
to the best fit point is also indicated in the figure.

This argumentation indicates a preference for the production of pn̄ pairs compared to
np̄ pairs in pp collisions. One should note, however, that the np data of NA49 are still at
the preliminary level, systematic uncertainties have not been discussed. There are additional
sources of concern: deviations from the independent target and projectile fragmentation would
a↵ect the above result. As we shall discuss later, the pC scattering data of NA49 are consistent
with isospin e↵ects, but hint at a somewhat smaller NIS ⇠ 1.2. The hadronization models
implemented in the Monte Carlo generators PYTHIA, GEANT and DPMJET yield no clear
preference for n̄ production at all. LHC data indicate that at very high energies, the p̄/p ratio
in the mid-rapidity window approaches unity [26] which seems to speak against a preference
for pn̄ pairs in pp collisions. Finally, it is not guaranteed that the isospin factor is constant in
the whole phase space: the data in figure 3 prefer a larger isospin e↵ect at low xf , although
not at a statistically significant level.

As the current situation is inconclusive, a conservative treatment of the isospin e↵ect seems
appropriate. In the following, we will assume an isospin factor NIS = 1.0 � 1.43. The lower
end of this window corresponds to the standard assumption fpp!p̄ = fpp!n̄, the upper end to
the 95% CL upper limit on the isospin factor deduced from np scattering (see above).

An additional contribution to antineutron production arises from hyperon decay, completely
analogous as in the antiproton case (see section 3.2.2). Assuming equal production of ⌃̄� and
⌃̄+ and using the branching fractions from [24], we find that the number of hyperon-induced
antineutrons is by a factor of 1.05 higher than the number of hyperon-induced antiprotons.

3.3 Corrections to Radial Scaling

Let us now turn to the energy dependence of the invariant cross section. The latter is expected
to be independent of the CMS energy for

p
s > 10GeV if expressed in terms of the radial scaling

variable and the transverse momentum. This can be verified by considering high energy collider
data.

In figure 4, we used the invariant cross section extracted from the NA49 data, to predict
fpp!p(xf , pT ) at a higher CMS energy

p
s = 53 GeV.2 Corresponding experimental data from

the CERN ISR collider by Capiluppi et al. [27] and Alper et al. [28] are also shown. We have
included the antiprotons from hyperon decay in the NA49 prediction as a large fraction of
them is expected to be contained in the CERN ISR data [4]. The indicated uncertainty band
includes the systematic error of NA49, uncertainties related to our extrapolation of the NA49
data to low xR as well as the uncertainty in the hyperon contribution. Given that there is a
considerable scatter in the CERN ISR data, one may take the shown experimental error bars
with a grain of salt. But there is an overall good agreement between the measured cross section
and the NA49 expectation.

2Note that in the radial scaling regime f(xf , pT ) still depends on the CMS energy. This is because xf is a
function of xR and

p
s. Only in the very high energy limit xf ! xR and f(xf , pT ) becomes independent of

p
s.

This corresponds to the Feynman scaling regime.
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NA49 data sets which we use as a basis to discuss prompt and hyperon-induced antiproton
production, antineutron production and proton nucleus scattering. The focus of [53] on the
other hand is on a global reanalysis of the existing pp scattering data. In this light [53], provides
a very important comparison for our work.
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Antiprotons Production in the Galaxy

• Secondary antiprotons are produced through the spallations of
cosmic–ray protons and He nuclei on the interstellar material.
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New developments since 2008

– CR p and He fluxes measured with improved accuracy.
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p̄/p depends on the CR proton spectral index ↵
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June 3, 2015: The Spacetime Odyssey Continues – Nordita @ Piperska Muren, Stockholm

June 3, 2015: The Spacetime Odyssey Continues – Nordita @ Piperska Muren, Stockholm

Outline

1) Cosmic rays as an indirect probe for dark matter

2) A new estimate of the antiproton background

3) Limits on DM properties – a status report

1) Cosmic rays as an indirect probe for dark matter

2) A new estimate of the antiproton background

3) Limits on DM properties – a status report

Backgrounds to a putative DM signal need to understood

Production cross sections – solar modulation – cosmic ray propagation

DM signal ?

background well determined

p̄/p ⇠ B/C

best DM probe

Re-analysis of the CR antiproton background

New limits can be set on DM properties

New limits can be set on DM properties
Reduced CR uncertainties for secondary antiprotons

2008 background calculation

1

Antiproton data are compatible with the background

No p̄ excess
But measurements are close to the maximal allowed values

But measurements are on the upper side

Treat �p̄
F and NIS = n̄/p̄ as nuisance parameters

�2(mDM, h�vi,�p̄
F, NIS) � �2

bkg(�
p̄,0
F , N 0

IS)  4

2



SACLAY–T13/137 LAPTh–019/15

AMS-02 antiprotons, at last!

Secondary astrophysical component and

immediate implications for Dark Matter
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AMS-02 antiprotons, at last!

Secondary astrophysical component and

immediate implications for Dark Matter

Gaëlle Giesen

a⇤, Mathieu Boudaud

b, Yoann Génolini

b, Vivian Poulin

b,c,

Marco Cirelli

a, Pierre Salati

b, Pasquale D. Serpico

b
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Abstract

Using the updated proton and helium fluxes just released by the Ams-

02 experiment we reevaluate the secondary astrophysical antiproton
to proton ratio and its uncertainties, and compare it with the ratio
preliminarly reported by Ams-02. We find no unambiguous evidence
for a significant excess with respect to expectations. Yet, some prefer-
ence for a flatter energy dependence of the di↵usion coe�cient starts
to emerge. Also, we provide a first assessment of the room left for ex-
otic components such as Galactic Dark Matter annihilation or decay,
deriving new stringent constraints.
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2008 background calculation
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Closing thoughts

• Dark Matter indirect detection is a powerful probe provided that astrophysical
backgrounds are well determined.

+
Cosmic ray propagation & X-sections

• The antiproton background has been increasing somewhat since 2008...

(i) harder CR proton and He spectra,

(ii) increased n̄/p̄ ratio at production,

(iii) better determination of the cross-section uncertainties.

• The AMS-02 antiproton measurements are of exquisite quality. They are – at
that stage – compatible with the background although at the upper limit of what is
expected.

• To decide whether a signal is hidden inside the AMS-02 p̄/p data, CR propagation
needs to be better constrained and the antiproton production cross-sections should
be more accurately measured.

Future CR measurements are a gold mine to be exploited
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