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Abstract: The latest measurements of antiprotons spectrum and antiproton-to-proton ratio in primary cosmic
rays with PAMELA experiment are presented. They are in good agreement with model of secondary production
of antiprotons in Galaxy, but they do not completely rule other sources at the high-energies.
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1 Introduction
The current interest in studying antiprotons is motivated by
a desire to solve the problems of the generation, accelera-
tion, and propagation of cosmic rays in the Galaxy, and by
one of the main problem - the nature of dark matter (i.e.
investigating the properties of hypothetical weakly inter-
acting massive particles (WIMPs)). Their existence is be-
yond of the standard model of elementary particle physics
and has been considered in the models of supersymme-
try, multidimensional space, technicolor, and so on [1]. At
the same time mutual annihilation or decay resulting in
the production of particle - antiparticle pairs (i.e. electron-
positron or proton-antiproton pairs) is one of the funda-
mental properties of WIMPs.

Precision measurements of charged particle and antipar-
ticle fluxes in the cosmic radiation is the main object
of PAMELA (Payload for Antimatter Matter Exploration
and Light Nuclei Astrophysics) satellite-borne experiment.
Scientific equipment is a magnetic spectrometer installed
onboard the Russian RESURS-DK1 satellite which was

launched on near-Earth orbit in June 2006 and successfully
operating till now.

The latest measurements of antiprotons spectrum and
antiproton-to-proton ratio in primary cosmic rays with
PAMELA are presented. Comparison with the models of
secondary production of antiprotons in Galaxy and differ-
ent interpretations at high-energies in the light of the anni-
hilation or decay of the dark matter particles are also dis-
cussed.

2 Scientific instrument and processing of
experimental data

The PAMELA spectrometer includes several detector sys-
tems capable of identifying the type of a particle and mea-
suring its charge, sign of charge, rigidity (ratio of momen-
tum to charge), velocity, mass, and energy. Detailed de-
scription of the PAMELA apparatus is given in [2]. It in-
cludes the following detector systems:
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• the anticoincidence system has been designed to ex-
clude from analysis events arriving beyond the aper-
ture of the instrument;

• the time-of-flight system consists of six layers of
scintillation counters, which are separated into strips
and are grouped pairwise into three planes so that the
strips in each pair are mutually perpendicular. The
time-of-flight system makes it possible to determine
the arrival direction and to measure the particle ve-
locity. It also create a trigger to begin obtaining in-
formation from all detector systems;

• the coordinate track system (tracker) consists of six
two-sided (X and Y projections) planes of silicon
coordinate sensitive strip detectors located between
sections of a permanent magnet, creating a field
strength of 0.43 T. The tracker makes it possible to
measure the coordinates of a particle trajectory in
two projections and determine rigidity R of the pass-
ing particle using them;

• the coordinate sensitive calorimeter consists of tung-
sten plates and coordinate strip detectors between
them. It makes it possible to measure the energy of
the particles interacting in it and is simultaneously
used to identify them;

• the lower scintillation detector S4 is used as a trigger
for the interaction of high-energy particles in the
calorimeter;

• the neutron detector is used to detect neutrons ap-
pearing in the interactions in the calorimeter and, as
a consequence, to separate leptons and hadrons.

All the detectors, except for the neutron one, allow the
measurement of ionization losses. This set of detectors
is sufficient to determine the sign and magnitude of the
charge, velocity, mass, and energy of particles.

3 Processing of experimental data
In order to increase statistics and to obtain results for
higher energies in comparison with previous publication
[4], we optimized the selection of antiprotons using a
calorimeter and analyzed spillover, i.e., the charge sign
measurement error owing to the finite spatial resolution of
the spectrometer and small-angle scattering in the inner
planes of the tracker. We used the data accumulated till Jan-
uary 2010.

The main event selection criteria are similar to the pre-
viously used criteria [3, 4, 5]. Primary cosmic rays are se-
lected by the R > 1.2RC condition, where RC is local ge-
omagnetic cutoff rigidity at the point where an event with
rigidity R (determined with a tracker) is detected.

An additional selection should be performed in order
to exclude electrons, the fraction of which in cosmic rays
is larger than that of antiprotons by two or three orders
of magnitude, from analysis. This selection is related to
the usage of data from the calorimeter, which has a thick-
ness of ∼ 0.6 nuclear and ∼ 16 electromagnetic lengths.
Electromagnetic and hadron interactions differ in topol-
ogy caused by different natures of shower-forming parti-
cles. The parameters describing the longitudinal, and trans-
verse profiles, the initial point of interaction and energy re-

Figure 1: Event distribution over deflection in the mag-
netic field of the spectrometer for (shaded histogram) se-
lected antiprotons and protons.

lease in different shower regions were introduced in order
to characterize showers.

Because of lagge number parameters, we used the data
classification mathematical model, in order to separate
electrons and antiprotons [6]. The classification algorithms
were implemented in the MatLab environment [7] and in-
volve the Monte-Carlo simulation of the electron and an-
tiproton propagation in spectrometer based on the GEANT
3.21 [8] package, which reproduces the equipment charac-
teristics obtained during accelerator calibrations (the sta-
bility of these characteristics is regularly verified in flight).
We additionally used independent measurements of the
ionization loss in the tracker planes and ToF counters in
order to separate electrons and antiprotons at low energies
(R < 2GV ). The algorithm is described in detail in [9].

We obtain the electron rejection is better than 104 and
the antiproton selection efficiency is higher than 90% in
the entire energy range. In this case, the expected electron
admixture in the final sample of antiprotons is not higher
than 1 - 2%.

To verify spillover, we used the event selection de-
scribed in detail in works [3, 9]. Figure 1 shows the deflec-
tion distribution of the selected negatively and positively
charged particles in the magnetic field of the spectrome-
ter. It demonstrate that the selected antiprotons (shaded his-
togram) and proton spillover are adequately separated.

4 Results and Discussion
As a result of the performed analysis, we separated 2800
antiprotons at energies of 60 MeV - 350 GeV. Antiparti-
cles were not detected at energies of 60 - 150 MeV and
180 - 350 GeV. We set the upper limits to their fluxes
(at 90% C.L.). Using the optimized method, we obtained
agreement with the previous published results [4]. How-
ever, the statistics were increased and the energy range of
measurements was extended in this case. The systematic er-
ror was estimated by applying different classifiers in order
to separate electrons and antiprotons, verifying the meth-
ods using different modeling samples, and analyzing the
spillover with different sets of parameters and fuzzy logic
algorithms. The final result was stable within 2 - 10% de-
pending on energy. To reconstruct the antiproton spectrum
and obtain the antiproton-to-proton flux ratio, we deter-
mined the event selection efficiency using the experimen-
tal data and Monte Carlo simulation. We introduced correc-
tions for different selection efficiencies related to the anni-
hilation of antiparticles in the spectrometer.
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Figure 2: Antiproton/proton flux ratio in primary cosmic
rays as obtained in the PAMELA experiment, compared to
other measurement.

Figure 3: Intensity of primary cosmic ray antiprotons ob-
tained in this work as compared to the experimental mea-
surements [13, 14, 15, 16] and theoretical calculations [11]
for the model of only secondary antiprotons during the in-
teraction between cosmic rays and the interstellar medium.
The calculations in the cases of simple diffusion, diffusive
reacceleration, and diffusive reacceleration with damping
are shown by solid, dashed, and dotted lines, respectively.

The antiproton/proton flux ratio is compared with ear-
lier measurements in Fig. 2. Good agreement with the
BESS experiment is observed at energies below 3 GeV.
The resulting data have the best statistical accuracy in the
energy range of 4 - 50 GeV. Results above 50 GeV are
unique.

The resulting data (see work [9] also) make it possible to
compare them with the theoretical models in more detail.

Figure 3 shows the measured differential energy spec-
trum of antiprotons as compared to the up-to-date theoret-
ical calculations of the secondary production of antipar-
ticles in the Galaxy and propagation in the interstellar
medium for the cases of plain diffusion, diffusive reaccel-
eration, and diffusive reacceleration with damping [11]. At
low energies E < 10−15GeV , the galactic cosmic ray flux
is subjected to solar modulation, which can be more sim-
ply described on the basis of the model of a force field
with one parametersolar modulation potential. The poten-
tial value of 550 MeV, which is close to the experimen-
tal value [12], was used in the presented calculations. This
makes it possible to conclude that the antiproton spectrum
in the region of low energies is best of all described by the
plain diffusion model.

Figure 4 compares the measured antiproton/proton flux
ratio and the theoretical calculations for the exclusively
secondary model of the origin of antiprotons in the Galaxy.

Figure 4: Antiproton/proton fluxes ratio in primary cos-
mic rays as obtained by PAMELA, compared to theoretical
estimates. The yellow area between the solid lines shows
the uncertainty of secondary flux calculated in [10]. The
blue area bound by the solid and dashed lines corresponds
to the contribution from antiprotons as a result of the anni-
hilation of dark matter particles into cosmic rays [10]. The
dashed line shows calculations for the secondary flux [11].

The theoretical curve is shown as a dotted line and does
not contradict the experimental results. There are, however,
other calculations of the flux of secondary antiprotons in
which interpretation of the experimental data does not pre-
clude the existence of additional antiparticle sources. So,
the yellow area between the solid lines thus corresponds
to the uncertainty of the secondary antiproton flux calcu-
lated in [10] (the calculations were performed for energies
E > 2GeV , since the low-energy region is strongly affected
by solar modulation). The blue area bounded by the solid
and dashed lines is the contribution of antiprotons from an-
nihilating dark matter particles with masses of several TeV
[10] and allows us to interpret the experimental data.

5 Conclusions
The method for separating events applied in the work
proved to be efficient and made it possible to improve the
experimental results of the utmost interest. These results
can be explained not only by the secondary production
mechanisms of antiprotons in the Galaxy but also by new
sources.
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