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A silicon-tungsten imaging calorimeter has been designed, built and successfully integrated in the PAMELA
satellite-borne apparatus. The main physics task of the experiment is the measurement of the flux of an-
tiprotons, positrons and light nuclei in the cosmic radiation. The purpose of the calorimeter is to separate
antiprotons and positrons from the vast background of cosmic-ray electrons and protons, respectively. In this
work we present the identification capabilities of the calorimeter obtained using both Monte Carlo and test
beam data. We show that the calorimeter can provide a proton rejection factor of about 105 while keeping a
~ 90% efficiency in selecting electrons and positrons. The PAMELA calorimeter is therefore able to provide
the identification power needed to reach the primary scientific objectives of PAMELA.

1. Introduction

PAMELA [1] is a satellite-borne experiment primarily designed to measure the properties of antimatter in the
cosmic radiation. The apparatus consists of a permanent magnet/silicon tracker, a silicon-tungsten imaging
calorimeter, a time-of-flight (ToF) system, an anticoincidence veto shield, a shower tail catcher scintillator and
a neutron detector. PAMELA will be carried by the Resource-DK1 semi-polar orbiting satellite. The planned
launch date is at the end of 2005.

The main scientific goal of the experiment is the precise measurement of the cosmic-ray antiproton and positron
energy spectra [2]. The substantial backgrounds of protons (for positrons) and electrons (for antiprotons)
however complicates the measurements. The ability of the calorimeter to separate electrons from hadrons has
been studied by using test beam data and comparisons with simulations.

The PAMELA sampling calorimeter [3] is made of 44 silicon sensor planes interleaved with 22 planes of
tungsten absorbers, for a total depth of 16.3 X (radiation lengths) or 0.6 X (interaction lengths). Each silicon
plane is composed of a square matrix of 3x3 detectors. These are large area devices (8x8 cm?), each of them
is segmented into 32 large strips with a pitch of 2.4 mm and a thickness of 380 um. Each of the 32 strips of a
detector is wire-bonded to the corresponding one of the other two detectors in the same row (or column), thus
forming 24 cm-long strips. The orientation of the strips of two consecutive layers is shifted by 90°, so to have
two-dimensional read out.

2. Electron-Hadron Separation

Clean identification of antiprotons and positrons in the cosmic radiation implies high identification capabilities.

The PAMELA Time-of-Flight system can with extremely high accuracy select down-going | Z | = 1 particles,
and the tracking system provides reliable information on the sign of charge and rigidity (momentum/charge)
over a wide range of momenta from about 50 MeV/c up to several hundreds GeV/c. Thus, since PAMELA is
a satellite-borne experiment, it remains to identify positrons from a background of protons that increases from
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about 10% times the et component at 1 GeV/c to about 5x 102 at 10 GeV/c and antiprotons from a background
of e~ that decreases from about 10 times the P component at 1 GeV/c to less than 102 above 10 GeV/c.
This means that the PAMELA detectors have to separate electromagnetic from hadronic particles at a level of
10°-108. Most of this identification is provided by the PAMELA calorimeter.

Electromagnetic and hadronic showers differ in their spatial development and energy distribution in a way that
can be distinguished by the calorimeter. One difference between an electromagnetic and hadronic cascade
is that only for the electromagnetic shower the shower maximum is contained inside the calorimeter for the
energy range of interest. Another is that the lateral distribution of the hadronic shower is much wider. Also,
the development of the electromagnetic cascade is strongly related to the energy of the primary electron and
the electromagnetic shower will with high probability start to develop in the first two to three planes of the
calorimeter. For electrons there is a linear relationship between the primary particle energy and the deposited
energy (up to ~1 TeV for the PAMELA calorimeter).

The variables characteristics of an electromagnetic shower which have been exploited to separate it from a
hadronic shower are: the starting point of the shower, the detectable energy loss, the longitudinal profile, the
transverse profile and the topological development of the shower.

3. Test Beam and Simulation

The calorimeter hadron/electron separation has been studied using test beam data and simulations. There are
two aims to this study. The first is to estimate the calorimeter’s rejection capability and electron selection
efficiency. The second is a comparison between test beam and simulation which can be used to validate
simulation studies of the calorimeter in situations resembling those expected in orbit.

The test beam data used in the analysis were collected at three different occasions at CERN during 2002-2003
both at PS and SPS beam facilities. In none of these tests the calorimeter was in its final configuration (e.g.
equipped with half of the silicon planes in 2002 SPS test beam [4]).

The simulations have been performed using variations of the PAMELA Collaboration’s official simulation pro-
gram: GPAMELA [5]. It is based on the GEANT package [6] version 3.21 and uses as default the GHEISHA
[7] hadron shower Monte Carlo to simulate the interactions of hadrons with the nuclei of the matter traversed.

4. Results and Conclusions

Several types of variables characterizing an electromagnetic shower have been combined in different ways and
with different conditions depending on the test beam and momentum used, and then applied to both the test
beam and the simulated data. As an example the energy deposition (for 200 GeV/c e~ and p) in one quarter
of the calorimeter is shown in figure 1. A clear separation between the two types of particles can be seen. The
arrow indicates the condition used to reject protons.

Figure 2 shows the efficiency (top) and contamination (bottom) of the final electron/positron selection as a
function of particle momentum. The full circles represent test beam data and the open squares simulated data.
During the analysis, one aim was to keep the electron efficiency at about 90% if possible. As can be seen in
the figure, the agreement between simulation and experimental data is acceptable.

In the bottom part of figure the proton contamination as function of particle momentum is shown for both test
beam data (full circles) as well as for simulated data (open squares). The arrows mark the 68% confidence
level when no events survived the selection. The first two data points (at 3 and 10 GeV/c) are for electron/pion
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Figure 1. Energy deposited (in mip, most probable energy deposited by a minimum ionizing particle) in one quarter
of the PAMELA calorimeter for 200 GeV/c electrons and protons. As the incident particle momentum increases the
separation between electrons and protons (here is only showed the high energy tail of the proton distribution) becomes
more pronounced, however a tail toward lower deposited energies for the electron distribution (arising from the increased
‘leakage’) can cause a loss in efficiency if a too strict selection is made. The arrow illustrates how this quantity was used to
reject protons. About 10? e~ and 2.5 x 10° p were collected at this energy.

separation and thus do not directly apply to the electron/proton study. This is because pions of 3 GeV/c
momentum have ~1 GeV more of kinetic energy that can be deposited in the calorimeter, than protons of
the same momentum. This should lead to a higher contamination (worse separation) for pions compared to
protons. However, they can be used for comparison between simulation and test beam results and thus the full
star and dashed arrow, which mark the results for simulated protons at 3 and 10 GeV/c respectively, should be
representative. A good agreement between simulation and test beam data can be seen.

These results refer to a partially equipped calorimeter, hence they can be considered as lower limits of the
PAMELA calorimeter performances.

Antiprotons are identified! by selecting electromagnetic showers in the calorimeter with the highest possible
efficiency and rejecting them. No test beam data are available for antiprotons and only simulation studies were
performed (see [3]).

L At low momenta (below ~ 1.5 GeV/c) P are identified also using the velocity measured by the ToF system.
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Figure 2. Top: The efficiency for identifying electrons using the electron/positron calorimeter selection as a function of
particle momentum. The full circles and open squares represents test beam and simulated data respectively. Bottom: The
proton contamination of the electron/positron calorimeter selection as a function of particle momentum. The full circles
and open squares represent test beam and simulated data respectively, the full triangle is for 3 GeV/c simulated protons,
the arrows indicate the 68% confidence level (i.e. no events survived the selection) and the dashed arrow is for simulated
protons at 10 GeV/c. The data at 10, 40 and 200 GeV/c are slightly displaced for clarity.
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