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Abstract. On the 14" of June 2006, the PAMELA satellite-borne experiment wasitded from
the Baikonur cosmodrome and it has been collecting datae sinfy 2006. The instrument al-
lows precision studies of the charged cosmic radiation todr&lucted over a wide energy range
(100 MeV - 100’s GeV) with high statistics. The primary sdiéa goal is the measurement of the
antiproton and positron energy spectrum in order to searckexXotic sources, such as dark mat-
ter particle annihilations. PAMELA is also searching foimpordial antinuclei (anti-helium), and
testing cosmic-ray propagation models through precisesarements of the antiparticle energy
spectrum and precision studies of light nuclei and theioises. Moreover, PAMELA is investigat-
ing phenomena connected with solar and earth physics. Reguhe antiproton and positron data
will be presented.
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INTRODUCTION

PAMELA is a satellite born particle spectrometer. It hasrbdesigned to measure in
detail the spectra of primary and secondary componentseotdismic radiation. Its
major scientific goal is the precise measurement of antymand positrons spectra
in cosmic rays, over the largest energy range ever achi@legprecise knowledge of
these spectra behaviour, especially in the energy rangerléitan 50 GeV, can lead to
the indirect detection of dark matter. Its design lifetimariore than three year of data
taking, providing unprecedented statistics with no atrhesic overburden reducing the
systematic uncertainties of previous measurements autaimainly by balloon-borne
experiments.

PAMELA is housed inside a pressurized container attachddedrussian satellite
Resurs—DK1. It was launched into space on th® I6ne 2006, by a Soyuz-U rocket,
from the Baikonur cosmodrome in Kazakhstan, and deployed semi-polar (79
elliptical orbit at an altitude in the range 350-600 km. PAMEwas switched on for
the first time on 2% June 2006 and has been in a nearly continuous data taking sinc
12t July 20086.

PAMELA APPARATUS

The PAMELA apparatus is composed of the following sub-detscstacked, as in
Fig. 1, from top to bottom: a time of flight system (ToF) (S1,53), a magnetic spec-
trometer, an anticoincidence system (CARD, CAT, CAS), attedbmagnetic imaging
calorimeter, a shower tail catcher scintillator (S4), ameatron detector [1].

The ToF is made of 3 double—layer of plastic scintillatorgllad. It provides the first—
level trigger and helps in particle identification, for dgies(R) lower than 1GV, and in
rejecting albedo patrticles by measuring partiglanddE/dx .

Particle rigidity and charge sign are determined by theailispectrometer. Six layer
of double—side silicon sensors are stacked in between fivagent magnet modules.
Thanks to spatial resolution of:3t um and 8:-13 um, in bending and not bending view
respectively, it is possible to reach a maximum detectapidity (MDR) of ~1 TeV/c.

A plastic scintillator anticoincidence system shields sipectrometer, covering the
magnet top (CAT), lateral sides (CAS), and the upper pathetietector(CARD).

The electromagnetic imaging calorimeter comprises 44lsisided silicon sensor
planes, orthogonally arranged, interleaved with 22 plafegingsten absorber. With
a total depth of 16.3y and 0.6 nuclear interaction lengths, combines the topodgi
information of the two views with the energy released in titie@ (dE/dx ), achieving
a proton rejection factor of at least@bove 10 GeV while maintaining an electron
selection efficiency 0f~-90%.

The neutron detector consists of 38e counters, inserted into a polyethylene mod-
erator. It helps in hadrons and leptons discrimination m ltigh energy events along
with the shower tail catcher scintillator (S4), which issatted at the calorimeter bottom
above the neutron detector. The latter is made of a plastitiltor layer viewed by a
total of six photomultipliers.

PAMELA overall size is about 13070x 70 cn?, corresponding to a geometric factor
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FIGURE 1. Sketch of the PAMELA apparatus.

of 21.5 cnfsr ( for R>1GV), for a total mass 0f-470 kg, and a maximum power
consumption of about 360 W.

ANTIPROTON AND POSITRON SELECTION

Since the first days of operation, PAMELA, is transmittingground about 16 GB of
data every day. After a quick look, to check the status of #teator, data are reduced
and calibrated.

An event candidate, in PAMELA, is first checked for consistein the rigidity
determination procedure. Once a candidate track is sdlebtn the particle type is
identified using a combination of cut on several quantiteswdated for each detector
depending on the rigidity range and the nature of the part@be identified.

Using the ToF, only down-going particles are selected. Tthercharge sign is iden-
tified and the rigidity determined by the spectrometer usimgcursive procedure. In
this procedure the number of tracks cleanly entering the BAMacceptance, are de-
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termined and, for each track, also the quality of the trackmstruction along with the
maximum detectable rigidity (MDR) achievable with the esited track quality.

In selecting antiprotons the quality of the track inforroatfrom the spectrometer is
crucial. Due to the finite spectrometer resolution, coroesiing in PAMELA to an MDR
exceeding 1 TV, high rigidity protons may be assigned thengrsign of curvature. In
addition there is a background from protons which scatténérmaterial of the tracking
system and mimic the trajectory of negatively-chargedigiad. These so called proton
“spillover”, “spilling” from the positive to negative rigiity values, have to be eliminated
in order to accurately determine the antiproton spectra Whs done by imposing a set
of strict selection criteria on both the number of positiosasurements required on each
view and a cut on thg? obtained for the fitted track.

In Figure 2 is shown the deflection (1/rigidity) distributidor proton (positively-
charged) and antiproton (negatively-charged) candidates good separation between
negatively-charge particles and spillover protons isenigshowing the effectiveness of
the tracking requirements in limiting the spillover prason
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FIGURE 2. The deflection reconstructed by the track fitting procedargfoton (positive side, white
filled histogram) and antiproton (negative side, blackdilétogram) candidates.

The calorimeter is used to select events producing an eteefgnetic showeit,e.
electrons and positrons. The longitudinal and transvesgmentation of the calorimeter
combined withdE/dx measurements from the individual silicon strips allowctie-
magnetic showers to be identified with very high accuracythmantiproton analysis
the calorimeter is used to reject electrons; an energy dkgpercalorimeter selection
has been defined comparing electron data samples from siondand particle beams,
and antiproton data samples from simulations [3]. The diflewersusB of a smaller
sample of antiproton and proton candidates is shown in Eigur

In case of positively—charged positrons spillover is du@dgatively—charged elec-
trons. After applying the set of strict selection criteriatbe quality of the fitted tracks,
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FIGURE 3. The deflection reconstructed by the track fitting procedgrgg\for proton (positive side)
and antiproton (negative side) candidates. Full line gpoed to the selection i, red and blue colors
corresponds to higher and lower counts respectively.

the spillover limit is estimated approximately &800 GeV. This limit was estimated
from flight data and simulation and checked using data froambgests.

In the case of positron, calorimeter is used to positivebnidfy events showing
an electromagnetic cascade; at higer energy this signabnsiréited by the proton
background. The positron identification must be robust haekstimation of the residual
proton background have to be accurate. From electron ¢etlext test beam, we found
that less than one proton out of 100,000 passes the calerirsetection, indentifiyng
electromagnetic showers, for eletrons up to 200 GeV/c, witlorresponding electron
selection efficiency of 80%. However, for the positron asmya different approach is
used: calorimeter identification was tuned to sete®6% of the electrons or positrons
while rejecting 99.9% of the protons. After the selectioa tbsidual proton background
was estimated using statistical methods.

One of the quantity used to identify an electromagnetic slraw the calorimeter
is the fraction of energy deposited inside a cylinder of uadd.3 Moliére radii, as a
function of deflection. The axis of the cylinder is defined byrapolating the parti-
cle track reconstructed by the spectrometer. Event sefe@ifuther refined requiring
a match between the momentum, as measured by the trackiregsyand the total de-
tected energy, as measured by the calorimeter. Besidestmentum—energy matching,
a shower starting point selection criteria is applied reggithat the electromagnetic
shower starts developing in the first planes of the caloemét Figure 4, the distribu-
tion of the fraction of energy deposited along the track eflettion is shown for events
passing the above mentioned selections. The red regioreitechins with larger number
of events, clearly evidencing the electron and positromlickes.

Besides data collected in several test beam campaignd,defattor simulation has
been used to estimate or cross validate not only selectfmieseicies and detector ac-
ceptance but also all possible backgrounds. The simulitioased on the GEANT3 [9]
simulation package and fully describe the detector as veelis aluminum container.
Simulation has been fine—tuned using the test beam data basaggdta from the previ-
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FIGURE 4. The fraction of energy deposited in the calorimeter alorgyttack vsleflection recon-
structed by the track fitting procedure. The red and bluersaorresponds to higher and lower counts
respectively. electrons and positrons are comprised ireth@reas.

ous ballon flights of the collaboration. Simulated data agéided into an output format
compatible with the PAMELA raw data format and analized gdfre full data reduction
and offline analysys software used for the real data.

BACKGROUNDSAND EFFICIENCIESESTIMATION

The analisys of such rare components like antiprotons asitrpos, needs a precise
knowledge and understanding of all the possible sourcesacdkdround. To estimate
these we used more than one simulation packages, the testdaga and the flight data
themself.

In the antiproton sample a possible contamination is duestfatively—charged pi-
ons produced by cosmic-ray interactions with the PAMELAIpagl and entering in the
detector acceptance. Above-2 GV ( this is an irriducible background because meas-
ruements from the TOF are not sufficient to clearly discremépions from antiprotons.
This background was studied using both simulated and fligtat.d

This secondary pion production from interaction of prirearin the upper part of
the apparatus was simulated using both the GEANT3 full PAMEImulation and
a two step approach. In the latter the upper part of the detécsimulated using the
FLUKA package[8] and, if a secondary patrticle is found ingpectrometer acceptance,
the simulated event is passed to the full PAMELA simulation gropagation in the
spectrometer and calorimeter and final data digitizatidrs Two step approach better
reproduced the pion spectra as found in the flight data, b&lGN.

In the flight data, both negatively and positively-chargéahp below 1 GV were
identified using thg8 as measured by the ToF system combined with the calorimmeter i
formation, to reject electrons and positrons. The majarityiese pion events had hits in
the AC scintillators and/or large energy deposits in onéneftop TOF scintillator pad-

38

Downloaded 22 May 2012 to 192.133.28.4. Redistribution subject to AIP license or copyright; see http://proceedings.aip.org/about/rights_permissions



dles, clearly indicating that they were the product of casray interactions with either
the PAMELA structure or the pressure vessel. After apphaligoreviously described
selection criteria, the energy spectrum of the survivirggpiwas calculated below 1 GV
and compared with the corresponding spectrum obtained tihersimulation[4, 5]. Af-
ter comparison with the experimental pion spectrum belowv/l&normalization fac-
tor, which accounted for all efficiencies not taken into aodan the simulation, was
obtained. The normalized simulated pion spectrum was wsestimate the contamina-
tion in the antiproton sample for rigidities greater than \L. Ghis procedure resulted
in a residual pion contamination of less than 5% above 2 Geteadsing to less than
1% above 5 GV. This result was cross-checked between 4 and By@électing an-
tiproton events below the geomagnetic cut—off. This sarmaleides re-entrant-albedo
antiprotons and locally produced pions. By scaling the nemd§ such events for the
acquisition time an upper limit for the negative pion (andtpns with the wrong sign
for the reconstructed deflection) contamination in the gosay antiproton sample was
found to be~ 3%, in agreement with simulations.

Also the resulting electron contamination, due to the dadeter selection ineffi-
ciency, was estimated and found to be negligible across ttwdarxenergy range of inter-
est.

Besides contamination, the efficiency for every detectaevestimated. In particular
the different, and momentum dependent, interaction crestions for protons and
antiprotons were taken into account in estimating the aakter selection efficiencies
as a function of momentum for both species. These efficisne@e studied using both
simulated antiprotons and protons samples along with pre&tected from the flight
data.

In the case of positron selection, it is mandatory to qusititié contamination due to
protons missidentified as positron by the calorimeter. WinilFigure 4 the distribution
of the energy in the calorimeter shows a clear positron sigaathe residual proton
background distribution must be quantified. This distiitmitwas obtained using the
flight calorimeter data. The total calorimeter depth of 2Ped®r planes was divided
in two non-mutually exclusive parts: an upper part compgglanes 1-20, and a lower
part comprising planes 3-22. Calorimeter variables (etgl tetected energy, and lateral
shower spread) were evaluated for both parts. Electrongasittons can be identified
in the upper part of the calorimeter using the total deteeteergy and the starting
point of the shower. A nearly pure sample of protons can baiogd in the lower part
of the calorimeter (planes 3-22) selecting particles tlandt interact in the first 2
planes (only 2% of electrons and positrons with rigiditieseger than 1.5 GV pass this
condition). This “pre-sample” procedure was validatechgssimulations and used to
estimate the proton contamination in the positron samplEidure 5 the fraction of the
energy deposited along the track for positron, electron @otbn, selected using the
“pre-sample” procedure, are shown.

A further validation of the calorimeter event selection heetology was done using

1 Secondary particles produced by cosmic rays interactitiy te Earth’s atmosphere that are scattered
upward but lack sufficient energy to leave the Earth’s magrietid and re-enter the atmosphere in the
opposite hemisphere but at similar magnetic latitude.
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FIGURE 5. Fraction of energy along a track in the calorimeter in thee*pample” analysis. Panel a
shows the distribution of the energy fraction for negativetharged particles with rigidity between 20
and 28 GV, selected as electrons in the upper part of theicatar. Panel b shows the same distribution
for positively charged particles selected as protons irbthttom part of the calorimeter. Panel ¢ shows
positively charged particles, selected in the upper pati@talorimeter, i.e. protons and positrons.

the neutron yield from the calorimeter, as measured by théroe detector, and the
ionization @E/dx ) losses as measured in the spectrometer. A higher neuigtthiy
expected in hadronic interactions in the calorimeter, eisfig at energies greater than
10 GeV. Similarly, competing density and logarithmic rigkeets for dE/dx losses in
the silicon detectors of the spectrometer shoud yield tfedint dE/dx distributions
for electrons and protons between 10 and 25 GeV. Theseldigtns were studied for
positively and negatively-charged events after the caletér selection and compared to
the corresponding distributions derived from the entit@fdata for negatively charged,
mostly electrons, and positively charged events, doméhbjethe protons. Also these
checks confirmed the validity of the calorimeter selectioteda.

CHARGE RATIO RESULTS

Once all the efficiencies and backgrounds have been estinffi®es of proton and
antiproton, electron and positron have been calculatedciiagge ratios estimated.
Results are showed in Fig. 6 and Fig. 7 where the antiprotq@mdton ratio is showed
along with the one of the positron to the sum of the electrahgositron. The antiproton
selected candidates are sligtly more than 1300, while tisérpa are more than 12000.
For the first time these charge ratios have been investigatatkergy larger than 50 GeV.
Antiproton result are compatible with earlier data and dostmw any clear deviation
from a secondary production.

Positrons, instead, clearly show an excess at high endigycan be due to dark
matter particle annihilation in the galactic halo or to tgesources, such as pulsar [7].
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FIGURE 6. Antiproton to proton ratio between 1 and 100 GeV (left)[6]. The ratio is compared to recent
measurements, see [6] for references
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CONCLUSIONS

PAMELA is smoothly collecting data, recording the largest antiparticle statistic in the
energy range up to 100 GeV.

For the first time the antiproton and positron charge ratios have been investigated at
energy larger than 50 GeV. Antiproton result do not show any clear deviation from a
secondary production. Positrons, instead, clearly show an excess at high energy.

These results have been extracted from the ~2x 10° triggers that have been registered
so far. Such a staatistic allows for precise measurement of cosmic-ray spectra over a
wide energy range, candidating PAMELA to be a permanent cosmic ray laboratory in
space.
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