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Abstract. The PAMELA experiment is a satellite-borne raly et al, 1981 have also attracted much attention. Af-
apparatus designed to study charged particles, and espéer PAMELA (a Payload for Antimatter Matter Exploration
cially antiparticles, in the cosmic radiation. The apparatusand Light-nuclei Astrophysics) measured a positron fraction
is mounted on the Resurs DK1 satellite which was launchedvhich showed a clear deviation from secondary production
on 15 June 2006. PAMELA has been traveling around themodels Adriani et al, 2009a 20103, both astrophysical
earth along an elliptical and semi-polar orbit for almost five models and dark matter sources have been proposed, some of
years. It mainly consists of a permanent magnetic spectromwhich also predict an excess in the antiproton flux. Further-
eter, a time of flight system and an electromagnetic imag-more, the PAMELA antiproton results at low energy can be
ing calorimeter, which allows antiprotons to be identified used to study solar modulatioBi€ber et al. 1999 Langner
from a dominating cosmic-ray background. New measure-and Potgieter2004).

ments of the cosmic-ray antiproton flux and the antiproton- Since cosmic-ray antiprotons were discovered in 1979
to-proton flux ratio between 60 MeV and 180 GeV are pre-by Golden et al.(1979 and independently bBogomolov
sented, employing data collected between June 2006 and Det al. (1979, many measurements of CR antiprotons have
cember 2008. Compared to previous experiments, PAMELAbeen performed. More than 1000 antiprotons have been
extends the energy range of antiproton measurements ancbllected between.2—4 GeV by BESS Yamamoto et aJ.
provides significantly higher statistics. The derived antipro-2007 while at higher energies the statistics are more lim-
ton flux and antiproton-to-proton flux ratio indicates that the ited. Three experiments measured antiprotons above 4 GeV,
main source of cosmic-ray antiprotons is considered to benamely MASS91 Basini 1999, HEAT (Beach et a].2001)
secondary production and no primary contribution has to beand CAPRICE98Boezio et al.2001). However, only 2 an-
invoked. tiprotons with an energy above 30 GeV were detected. Com-
pared to all previous experiments, PAMELA significantly in-
creases the statistics and extends the measured energy of an-
tiprotons to~ 180 GeV.

1 Introduction

Antiprotons are a rare component in cosmic-rays and hav® The PAMELA instrument

attracted much attention over the last three decades. The

standard picture of antiproton production is that they arePAMELA comprises several subdetectors to achieve the ca-
generated as a result of collisions of cosmic-ray (CR) nu-pability to measure charged particles in the cosmic radia-
clei with the interstellar medium. Detailed CR antiproton tion with a particular focus on antiparticles (antiprotons and
measurements can provide important information concernpositrons). Figurel presents a schematic overview of the
ing CR origin and propagation. Possible exotic antiprotonPAMELA instrument and shows the location of each sub-
sources including the annihilation of dark mattduifggman  detector. The core detector of PAMELA is a 0.43 T perma-
et al, 1996 Bergstbm, 200Q Bertone et al.2005 and the ~ nent magnet spectrometer (tracker) equipped with 6 planes
evaporation of primordial black holesiéawking 1974 Ki- of double-sided silicon detectors, allowing the sign, abso-
lute value of charge and momentum of traversing charged
particles to be determined. The spectrometer geometry
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TOF (81) []-—S=SeSeSeEemamama rigidity determination is fundamental for particle identifica-
tion, only events with good track quality were selected to
minimize the uncertainty on the tracking fit and therefore on
the rigidity measurement. The reconstructed rigidity was re-
quired to exceed the vertical geomagnetic cutoff (estimated
using the satellite orbital information) by a factor of 1.3 to en-
sure a robust selection of galactic particles. Singly charged
particles were selected using ionization losséB /dx) in
the silicon tracker layers and in the ToF scintillator. More-
over, requiring no spurious signals in the ToF system and AC
scintillators above the tracker system rejected multi-particle
TOF (s3) e | events inside the acceptance. Pion contamination was also
significantly reduced since they are created in interactions of
primary particles with the payload and thus were often ac-
companied by additional particles. Downward-going parti-
cles were selected by requiring positive velocity in the ToF
system. A cut on the velocity of particles was used at low
energy to discard particles with mass incompatible with that
of proton (antiproton). The calorimeter was used to sepa-
rate antiprotons from an electron background which is signif-
icantly more abundant (about3@mes the antiproton com-
ponent). The longitudinal and transverse segmentation of the
calorimeter, combined with dE/dx measurement in each
silicon strip, allowed a rejection factor of about>lfor elec-
tromagnetic showerBpezio et al. 200§. The remaining
electron contamination was estimated to be negligible while
~ 270 GeV/c) for antiprotons (positrons). The spectrome—the contamination from_ pions _created Ioca_lly in PAMELA
ter is surrounded by a plastic scintillator veto shield which payload by cosmic-ray interactions was estlmgtgd to be less
. . : than 10% between 1 GV/c and 3 GV/c and negligible at other
can be used to reject particles not cleanly entering the accep-

tance. An electromagnetic calorimeter mounted below the%ggj;ées (Hofverberg 2008 Bruno, 2008 Adriani et al,

spectrometer measures the energy of incident electrons an - . .
Surviving negatively charged particles were selected as an-

allows topological discrimination between eleCtromagnet'Ctgprotons, while strict selections on the quality of the fitted

and hadronic showers, or non-interacting particles. Planes g . .
. - tracks were applied to remove the oppositely charged con-
plastic scintillator mounted above and below the spectrom-_~ "~ = = : .
: : : . tamination in the antiproton sample due to the spillover ef-

eter form a time-of-flight (ToF) system. It provides the pri- - . . S
. . ; ) : fect. The finite spectrometer spatial resolution makes it dif-
mary experimental trigger, identifies albedo particles, mea- ; . .
. . ficult to properly determine the sign of curvature and this
sures the absolute charge of traversing particles and also

allows proton-electron separation belowl GeV/c. The causes anon negligible back_ground when measuring a_ntlpar
. ] . ticles at high energy. In addition, protons that scatter in the
volume between the upper two time-of-flight planes is sur- ; ; _ .
o . o N material of the tracking system may mimic the trajectory of
rounded by an additional plastic scintillator anticoincidence

(AC) system. A plastic scintillator system mounted beneathnega.tlvely-charge.d particles. Since the number of antipro-
. . . e . tons is about 10* times of the number of protons, the track-

the calorimeter aids in the identification of high energy elec—in uality cuts are crucial. To reduce “spillover” brotons

trons and is followed by a neutron detection system for the 94 y | P P '

X ) . events with bad tracking position measurements were dis-
selection of very high energy electrons (up to 2 TeV) which . .
. . : arded (e.g. tracks accompanied by delta-ray emission) and
shower in the calorimeter but do not necessarily pass throug

. . o the MDR estimated for each event was required to be 6 times
the spectrometer. Technical details about the entire instru; . .
ment can be found iRicozza et al(2007). larger than the_ measured rigidity. This allowed the dete_ctable
energy of antiprotons to be extended to 180 GV/c with an
acceptable spillover contamination. At high energy the de-
3 Antiproton identification flection distribution before applying the MDR selection was
applied to simulated data and reproduced the distribution ob-
Results presented in this paper concern data acquired beerved in real flight data within 20%. This difference was
tween July 2006 and December 2008 §50 days). More considered as a systematic uncertainty on the spillover con-
than 10 triggers have been collected. A reliable clean an-tamination which was estimated to be30% for the rigidity

tiproton sample was selected by a set of criteria. Since thdsin 100— 180 GV/c.

ANTIC

Fig. 1. A schematic overview of PAMELA instrument. The ap-
paratus is~ 1.3 m tall, with a mass of 470 kg (frofRicozza et aJ.
2007).

(MDR) due to the finite spectrometer position resolution is
found to be~ 1TV from test beams. Spillover effects limit
the upper detectable antiparticle momentum-tb90 GeV/c
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Fig. 2. The antiproton_flux at the top of the payload mea§ured by Fig. 3. The 5/ p ratio measured by PAMELA compared with con-
PAMELA compared with contemporary measuremelﬁiee(zm et temporary measuremenBdezio et al, 1997 2001, Asaoka et al.

al., 1997 2001, Asaoka et a].2002 Abe et al, 2008 Aguilar et al, 2002 Abe et al, 2008 Beach et al.2003). The lines show the-
2002. The lines show theoretical expectation of secondary produc-yretical expectation of secondary production of antiprotons. The
tion of antiprotons. The dotted and dashed lines |nQ|cate thg UPPEfashed lines show the upper and lower limits calculate@ioyon

and lower limits calculated biponato et al(200]) for different dif- gt 41 (1999 for the leaky box model, while the dotted lines show
fusion models, including uncertainties on propagation parametersne |imjts from Donato et al(2009 for a diffusion reacceleration
and antiproton production cross sections, respectively. The solidith convection model. The solid line represents the GALPROP

line represent the GALPROP prediction Bjuskin et al(2008 for prediction byPtuskin et al(2006 for the case of a plain diffusion
the case of a plain diffusion model. model.

In order to determine the antiproton flux, the selection effi- Adriani et al.(20108, as well as the antiproton-to-proton ra-
ciencies were estimated accurately using both flight data ango. PAMELA antiproton results are consistent with other
simulated dataHofverberg 2008 Bruno, 2008 Wu, 2010.  measurements but with significantly better statistics and ex-
The global efficiency was measured to be about 30% andending to the highest energy ever achieved. The antiproton-
was dominated by the tracker selection. The loss of partito-proton ratio is consistent with a previously published ra-
cles rejected by the selection criteria due to inelastic colli-tio derived from~ 500 days data collectingA@riani et al,
sions was evaluated by simulation, varying froni0% be-  20091. The theoretical models describing pure secondary
low 1 GeV to~ 6% above 50 GeV. Energy loss was compen- production of antiprotons are also superimposed in Figs.
sated for using an unfolding method based on Bayes’ theoand3. The curves were calculated for solar minimum which
rem (D’Agostini, 1999. Galactic particles discarded by the is suitable for the PAMELA data taking period. Overall, the
requirement on the geomagnetic cutoff were compensate@AMELA results agree well with pure secondary models,
for by multiplying the measured flux with the inverse of the which indicates that the antiprotons measured by PAMELA
transmission function, defined as the fraction of an orbit ac-in the considered energy range originate mainly from sec-
cessible to a cosmic ray of given rigidity. The geometric ondary production and no exotic contribution has to be in-
factor and the total live time were also calculated. Takingvoked. The experimental uncertainties are smaller than the
into account all these corrections, the antiproton flux was respread in the different theoretical curves and can provide
constructed. Comtamination from pions and spillover pro-important constrains on parameters relevant for secondary
tons has been subtracted from the raw numbers of selectegkoduction calculations. A primary component still can-
events. Systematic uncertainties refer to the acceptance, cofot be ruled out considering current uncertainties on prop-
tamination, efficiencies, energy losses, hadronic interaCtion&gation parameters. For example a reasonable choice of
and spectrum resolution were taken into account and quadraGALPROP (Moskalenko et a).2002 propagation parame-
ically summed to derive the total systematic uncertainty.  ters allows an inclusion of the 180 GeV wino-annihilation

Figure 2 shows the antiproton flux and Fi§.shows the signal Kane et al. 2009 which can both reproduce the
antiproton-to-proton ratio measured by PAMELA together antiproton-to-proton ratio and the positron excess measured
with other recent experiment data. The error-bars in the thesby PAMELA. Another model which suggests that antipro-
figures are the quadratic sum of the statistical and systemtons are created as secondary products of hadronic interac-
atic errors. The values of calculated flux can be found intions in aged SNRsBJasi and Serpico2009 is also com-
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patible with the PAMELA results. Higher energy antiproton Boezio, M., Bonvicini, V. Schiavon, P. et al.: The cosmic-ray an-
measurements and other secondary cosmic-ray nuclei data tiproton flux between 3 and 49 GeV, Astrophys. J., 561, 787799,

are needed to further probe the models. 2001.
Boezio, M., Pearce, M., Albi, M. et al.: The electron-hadron separa-
4 Conclusions tion performance of the PAMELA electromagnetic calorimeter,

Astropart. Phys., 26, 111-118, 2006.

The antiproton flux and the antiproton-to-proton flux ratio Bogomolov, E. A., Lubyanaya, N. D., Romanov, V. A. et al.: A
over the widest energy range ever achieved have been mea- stratospheric magnetic spectrometer investigation of the singly
sured by PAMELA with highly improved statistics compared ~ charged component spectra and composition of the primary and
to previous measurements. While PAMELA observed a dra- secondary cosmic radiation, in: Proc. 16th Int. Cosmic Ray
matic rise in the positron fraction above 10 GeV, the mea- Conf, 1 330,1979. .

. D S Bruno, A.: Cosmic ray antiprotons measured in the PAMELA ex-
sured antiproton results show no significant deviations from

. . h | s periment, Ph.D. thesis, University of Bari, Bari, Italy, 2008.
secondary production expectations. The results are su 'D’Agostini, G.: A multidimensional unfolding method based on

ciently precise to place tight constraints on the propagation pgayes’ theorem, Nucl. Instr. Meth., A362, 487498, 1995,

parameters, and can be used to study solar modulation.  ponato, F., Maurin, D., Salati, P. et al.: Antiprotons from spallations
of cosmic rays on interstellar matter, Astrophys. J., 563, 172—

Edited by: K. Scherer 184, 2001.

Reviewed by: two anonymous referees Donato, F., Maurin, D., Brun, P. et al.: Constraints on WIMP dark
matter from the high energy PAMELA/p data, Phys. Rev.
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