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Introduction

AMS is an international collaboration involving universities and institues from America,
Europe and Asia founded to construct a magnetic spectrometer to put into orbit. The flight of
AMS-02 onboard the space shuttle Endeavour and its installation in the ISS in May 2011, was
the culmination of the work started in the 1990s. From now on, there are more than ten years
ahead until the end of life of the ISS to collect and analyse the composition and spectrum of
cosmic rays.

The aim of this work is to obtain the cosmic ray positron signal with a Monte Carlo (MC)
simulation of the AMS-02 detector with the flight configuration. To validate this result, there
are available data from a test-beam of the detector with a previous configuration, data from a
test-beam of the detector with the flight configuration, and MC simulation. This work relies
on the first test-beam to extract the detector performances since constitutes the most suitable
data sample to calibrate the electromagnetic calorimeter, a key subsystem to suppress the vast
background of cosmic ray protons. The results from this test-beam are compared with the MC
simulation and the flight configuration test-beam to emphasize the agreement in the performance
of the subsystems involved in the proton suppression despite the last upgrade of the detector.

The thesis is divided in four parts. The first part constitutes the theoretical introduction
that gives an insight into the motivation to study cosmic ray positrons and how AMS-02 makes
it possible. The second part is devoted to the experiment itself, from the start to the AMS-02
launch, including a hardware and software description. The third part comprises the analysis
of the electromagnetic calorimeter and the transition radiation detector using the data from the
first test-beam of the detector. The last part gives the capabilities of the detector to study the
cosmic ray positron signal with a MC simulation of the flight configuration, which is utterly
validated with the comparison of the results from previous chapters with the detector flight
configuration test-beam data. A brief description of each chapter comes next:

Chapter 1: This chapter starts with a brief galactic structure description to highlight the
key features necessary to introduce the cosmic rays origin and propagation. Besides, the
geomagnetic and solar effects on the low energy spectrum are summarize, to finish with
the cosmic ray positron component and the latest measurements from other experiments.

Chapter 2: This chapter introduces how AMS-02 carries out the particle identification
combining information from several detectors based on physical phenomena associated with
the interaction of charged particles and photons with matter. There are specific sections
dedicated to the ring imaging Cherenkov detectors, the transition radiation detectors and
the electromagnetic calorimeters.
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Chapter 3: This chapter summarizes the whole experiment, from its beginning to the launch
of AMS-02, including a description of the first detector AMS-01 and its results, and a
description of AMS-02 including the last detector upgrade.

Chapter 4: This chapter gives an insight into the workings of the AMS reconstruction software,
and dedicates a special attention to the calorimeter and transition radiation detector own
reconstructions, since they will be used throughout the following chapters.

Chapter 5: The electromagnetic calorimeter provides an electron/proton separation that is
needed to reduce the cosmic proton background. The data collected in the first test-beam
of the detector is used in this chapter to develop a calibration method for the calorimeter
and to evaluate its electron/proton separation performance, which is compared to MC
data to validate the cosmic ray positron analysis.

Chapter 6: The transition radiation detector provides an additional electron/proton separation
that contributes to reduce the proton background. The data collected in the first test-
beam of the detector is used in this chapter to analize the transition radiation detector
performance at the same time that it is compared to MC data. A good agreement between
test-beam data and MC data is required to validate the cosmic ray positron analysis.

Chapter 7: The previous results are compared in this chapter to the detector flight configuration
test-beam data. A good agreement between both configurations, together with the MC
simulation comparison carried out in previous chapters, validates the cosmic ray positron
analysis.

Chapter 8: Since the proton suppression result obtained with test-beam data is limited to a
fixed energy point, a Monte Carlo simulation of the detector flight configuration is used
to extend the rejection factor to other energies in order to determine and upper limit in
the positron measurement without being compromise by any contamination.
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Cosmic Ray Astrophysics and Particle
Detectors





1
Cosmic Ray Astrophysics

AMS-02 is a particle detector deployed in the International Space Station to measure
the cosmic rays composition and spectrum. This chapter starts with a brief galactic
structure description, to highlight the key features, necessary to introduce the cosmic
rays origin and propagation. Besides, the geomagnetic and solar effects on the low
energy spectrum are summarize, to finish with the cosmic ray positron component
and the latest measurements from other experiments.

Fig. 1.1: Victor Hess in
a balloon expedition.

T
he cosmic rays consist principally of fully ionized atomic nuclei that
bombard the Earth from outer space. They were discovered from

measurements carried out by Hess in 1912 with balloons (Fig. 1.1 1),
that pointed out a rise in the intensity of the radiation with the altitude,
which was explained by the existence of an external radiation entering
the atmosphere [1]. The development of the cloud chamber by Wilson
during those years, made possible the detection of the ionizing particle
tracks. The cosmic ray study has played an important role in the
development of the particle physics and their interactions, with the
discovery of positrons, pions, muons, and strange particles in the 1930s
and 1940s

1.1 Galactic Structure

The Milky Way consists of a flat disk with a radius of ≃ 15 kpc (1 kpc = 3.086 × 1021cm)
and a thickness of approximately 0.5 kpc, rotating around its center [2] (Fig. 1.2(a)). Our galaxy
contains ∼ 1011 stars, and new stars are formed in the interstellar medium (ISM). The old stars
of earlier generations end their lives sometimes with an explosion (supernova, planetary nebula),
expelling new chemical composition to the ISM as a result of the nuclear burning in the stars.
With each new star generation the Galaxy becomes a little richer in heavy elements [2].

The solar system falls at a distance of 8.5 kpc from the galactic center, and the distance from
the Sun center to the Earth is 1 astronomical unit (1 UA= 1.5 × 1023cm = 5 × 10-9kpc). Charged
particles, mainly protons, are expelled from the solar corona due to the solar activity (flares

1 Photo from http://www.aps.org/publications/apsnews/201004/physicshistory.cfm.
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(a) (b)

Fig. 1.2: Milky Way structure (1.2(a)). Heliosphere structure (1.2(b)).

and sunspots) (Fig. 1.4 2). This solar wind, that carries the Sun magnetic field, blows a cavity
in the interstellar medium called heliosphere, that has a radius of ≃ 100 UA [2] (Fig. 1.2(b) 3).

1.1.1 Interstellar Medium

Gas and dust are the two constituents of the interstellar medium with an average mass ratio of
100:1 [2]. The interstellar dust absorbs ultraviolet and optical photons and re-emits the radiation
at infrared wavelengths [2], while the interstellar gas is composed of hydrogen (70 % of the mass
gas), helium (28 %) and 2 % of heavier elements. The hydrogen appears in different states:
atomic hydrogen (HI), molecular hydrogen (H2), and ionized hydrogen (HII) [2–4] (Fig. 1.3(a)
and 1.3(b)).

1.1.2 Cosmic Magnetic Fields

Different observational methods, based on synchrotron emission, Faraday rotation , Zeeman
splitting, polarization of starlight and polarization of dust infrared emission, are used to probe
the interstellar magnetic fields that are along the spiral arms [6]. The observed field strengths
are of the order of 10-6 G [2] and there exits several theoretial models that have been proposed
to describe the spatial structure of the large-scale magnetic fields in the Galaxy: the ring model,
the axisymmetric spiral model (ASS), and the bisymmetric spiral model (BSS) [6].

1.2 Cosmic Ray Clasification

The cosmic ray particles have a wide energy spectrum and depending in their origin can be
clasified as: solar, anomalous, and galactic.

2 Photo from http://sohowww.nascom.nasa.gov/gallery/images.html.
3 Image from http://science.nasa.gov/headlines/y2001/ast03may_1.htm.
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Fig. 1.3: Number densities of atomic hydrogen (HI), molecular hydrogen (H2), ionized hydrogen (HII),
and helium (He) as function of the galaxy radius R and galactic height z = 0 kpc. The figures have been
plotted using data extracted from GALPROP [5].

1.2.1 Solar Cosmic Rays

Fig. 1.4: Coronal mass
ejection (CME) seen by
the Solar and Heliosphe-
ric Observatory (SOHO).

The solar cosmic rays are the product of solar flare eruptions
and coronal mass ejections (Fig. 1.4 4), both originated on regions
of the Sun’s surface with sunspots. The expelled charged particles
(protons, electrons and heavy nuclei), known as well as solar energetic
particles (SEP), have energies from few tens of keV/nucleon to several
GeV/nucleon [2,7].

1.2.2 Anomalous Cosmic Rays

Reported as an anomalous enhancement in the low-energy espectra
of elements like O, N, He and Ne in the 1970s [2,8] and confirmed in the
1980s from Voyager observations [9], their origin is in the interstellar
neutral particles that become ionized in the heliosphere by the solar
wind and then accelerated to energies within 1-100 MeV/nucleon, probably at the solar wind
termination shock [10, 11].

1.2.3 Galactic Cosmic Rays

Their origin is associated with the most energetic processes in the universe such as supernova
explosions, and they are accelerated by shock waves associated with the expansion of the
supernova remnants (SRNs) into the interstellar medium [12]. They can arrive directly from the
source (primary cosmic rays) or as a product of the interaction and spallation (fragmentation)
of the former in the interstellar medium (secondary cosmic rays).

The cosmic radiation that arrives at the heliosphere is made up of nucleons (98 %) and
electrons and positrons (2 %). Within the energy range 108–1010 eV/nucleon, the nuclear

4 Photo from http://sohowww.nascom.nasa.gov/gallery/images.html
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component consists of hydrogen (∼ 87 %), helium (∼ 12 %), and heavier nuclei (∼ 1 %) [2].
The relative elemental abundances exhibit similarities, but also significant differences, with the
solar system abundances (Fig. 1.5(a)):

• Both of them show the odd-even effect, a result of the pairing interaction [13] that make
the even-even nuclei (even N and even Z) more stable than odd-even nuclei and odd-odd
nuclei. Therefore, the production of even-even nuclei is more frequent in the thermonuclear
reactions in stars. The likeness in the peaks of C, N, O, and Fe suggests that many of
the cosmic ray nuclei must be of stellar origin.

• The differences between the cosmic and solar abundances in the peaks of Li, Be, and B
are due to the spallation of C and O nuclei in the interstellar medium. In a similar way,
the abundance of Sc, Ti, V, and Mn in the cosmic rays is due to the spallation of the Fe
and Ni nuclei [14].

The galactic cosmic rays energy spectrum follows a power law (Fig. 1.5(b)):

dN

dE
(E) = kE−γ (1.1)

The spectral index γ has a value of 2.7 up to 1015 eV/nucleon. Above this energy, the spectrum
steepens to an index 3. This feature (knee) is attributed to the leakage of cosmic rays from
the galaxy [1, 15] together with the fact that 1015 eV/nucleon is the maximum energy that
supernova explosions can supplyd [15]. Above 5×1018 eV the spectrum flattens again (ankle),
probably a sign of a harder component of extragalactic origin emerging over the galactic
component [1, 15]. Above 4×1019 eV, protons would rapidly loss energy by their interaction
with the cosmic microwave radiation (CMB) [15]:

p+ γ −→ p+ π0 , p+ γ −→ n+ π+ (1.2)

The GZK cutoff, confirmed for the highest energies by HiRes [16] and Auger [17] observations,
is also an evidence of the dominance of the proton component [18]. Another signature of
extragalactic protons in the spectrum is the dip [19]

p+ γ −→ p+ e+ + e− (1.3)

clearly seen in the spectra observed by Yakutsk [20], AGASA [21], HiRes [16], and Auger [22]
arrays. This good agreement must be considered as a proof of a large fraction of protons in the
spectrum [19]. The most obvious candidates for events with energies above 1020 eV are active
galactic nuclei (AGN) and gamma ray burst (GRB) [17,23].

1.2.3.a Galactic Cosmic Rays Propagation

The measurements of the secondary to primary cosmic ray ratios indicate that particles
traverse on average a column density of 5–10 g/cm2, but the amount of matter along the line
of sight through the galactic disk is about 10-3 g/cm2. This implies travel distances thousands
of times greater than the thickness of the galactic disk, suggesting that diffusion processes take
place in the galactic cosmic rays propagation [25]. The transport equation for a particular cosmic
ray particle species can be written in a general form as [26]:
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(a) (b)

Fig. 1.5: Cosmic ray nuclei abundances (solid line) compared with the solar abundances (dash line)
(Fig. 1.5(a) from [24]). Spectrum of cosmic rays (Fig. 1.5(b) from [1]).
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where ψ(~r, p, t) is the cosmic ray density per unit of particle momentum p at position ~r, D
is the spatial diffusion coefficient, ~V is the convection velocity, Dpp is the diffusion coefficient
in momentum space, τf is the timescale for loss by fragmentation and τr is the timescale for
radioactive decay. The differents terms of the equation are:

1. Source term that includes primary, spallation, and decay contributions.

2. Diffusion term due to the scattering of cosmic ray particles on random magnetohydrody-
namic (MHD) waves and discontinuities.
The diffusion coefficient is D ∼ 3–5×1028 cm2s−1 at energy ∼ 1 GeV/nucleon.

3. Convection term due to galactic winds.
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ParticleR

TrdTrackR ChargeR BetaR TrTrackR RichRingR EcalShowerR

TrdSegmentR TofClusterR TrRecHitR RichHitR Ecal2DClusterR

TrdClusterR TrClusterR EcalClusterR

TrdRawHitR EcalHitR

Fig. 4.1: Simplified tree diagram of the C ++ objects hierarchies within the reconstructed event.

• The ChargeR object contains the absolute charge of the particle using the TOF, Tracker,
and RICH information.

• The ParticleR object is the highest level structure of the reconstruction that contains
information about the velocity, the charge, the momentum, and the mass of the particle.
Within the AMS reconstruction sofware framework, a normal particle derives from BetaR,
ChargeR, and TrTrackR objects. Besides, it can contains a TRDTrackR, an EcalShowerR ,
and a RichRingR.

• The AMSEventR object gives access to all data.

4.1.1 ECAL Event Reconstruction

When a particle impinges at the ECAL entry and develops a shower, the ECAL cells make
a sample of the transverse profile of the energy at each layer. The cells with recorded signals
represent the lowest level pattern of the interaction of an incident particle with the calorimeter.
The coordinates and deposited energy are stored in the EcalHitR object in the reconstruction
process that continues with a cluster searching process to eventually end with a reconstructed
shower [96]:

1. EcalClusterR: The EcalHitR of the same layer are clustered around the cell with the
highest deposited energy (used hits).

2. Ecal2DClusterR: The EcalClusterR of consecutive layers of the same view are grouped
together taken into account a proximity criterion and energy difference criterion.

3. EcalShowerR: The X and Y view Ecal2DClusterR are grouped together to form a 3-
dimensional shower.
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The shower parameters calculated during the reconstruction are store in the EcalShowerR

object, e.g, the center of gravity of the deposited energy, the coordinates of the incident particle
impact point at the ECAL entry, the direction of the axis of the shower, and the incident particle
energy (deposited energy + rear leakage).

4.1.2 TRD Event Reconstruction

The TR photons emitted at the fleece radiator are collected in the straw tubes together with
the ionization background. These tubes with recorded signals are the lowest level pattern of
the TRD track reconstruction, the TrdRawHitR. From now on, the TRD reconstruction follows
a cluster searching and straight line fitting process:

1. TrdClusterR: Collection of adjacent TrdRawHitR where it is stored the TrdClusterR

coordinates, the energy deposition in keV, and the multiplicity of hits.

2. TrdSegmentR: The next reconstruction level group together TrdClusterR in two x and
two y segments at the same time that a straight line fit is performed in each segment to
the clusters coordinates.

3. TrdTrackR: The reconstructed track consists of at least one x and one y TrdSegmentR and
a final straight line fit is done.

The TRD track for a single particle would be formed at most by four segments, whereas a
number of segments greater than four is probably connected to secondaries production [97].
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Table 5.4: MC simulated runs.

Particle Beam Energy (GeV) Block Angle (◦) # Runs # Generated Events

Electron 180 Ecal1 0 1 10000
Electron 180 Ecal1 5 1 10000
Electron 180 Ecal1 10 1 10000
Electron 180 Ecal1 15 1 10000

Electron 250 Ecal1 0 2 20000
Electron 250 Ecal1 5 1 10000
Electron 250 Ecal1 10 4 40000
Electron 250 Ecal1 15 1 10000

Electron 300 Ecal1 0 1 10000
Electron 300 Ecal1 5 1 10000
Electron 300 Ecal1 10 1 10000
Electron 300 Ecal1 15 1 10000

Electron 250 Ecal2 0 13 130000

5.2 ECAL Calibration Cross-Check with MIPs

5.2.1 MIPs Selection

All the runs in the table 5.2 have been used to verify the ECAL calibration, so in order to
select the hadrons that go through the calorimeter as minimum ionizing particles, two cuts are
applied: one that selects events with practically all the energy deposited along the shower axis 1,
and other that selects events with low multiplicity of used hits per layer touched 2. The sample
of events selected as MIPs represents 66.6% of the preselected one. The mean energy of this
MIPs sample is 460 MeV with 14 used hits (Fig. 5.8).

5.2.2 Attenuation Correction

The ECAL response is not the same for particles impinging at different positions along the
fibers, due to the existence of light attenuation. This fiber feature is parametrized by a double
exponential functional form with 17 % of the light with a short attenuation length λS

att ∼ 9.8 cm
and the remaining 83 % with a long attenuation length λL

att ∼ 235 cm [76]. The final correction is
normalized at the center of the fiber and takes into account the reflected and direct component.
Once applied to the PMT channels, the result is an equalized response which is independent
of the impact point along the fiber. To check if this correction is working properly in the
reconstruction software, the ADC counts (raw and corrected) collected according to the impact
point in the fiber by the PMTs channels, are fitted to a straight line (Fig. 5.9) using the ADC
distribution mean.

This first approximation of the attenuation links the slope of the fit with the goodness of
the correction. When the fit is applied to the raw ADC counts, there are two sets of slopes

1 Cut applied: Energy3C[0] > 0.999, deposited energy in a cylinder of 2 cm of radius (EcalShowerR object).
2 Cut applied: Hits/Plane < 2.
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Fig. 5.8: Normalized distributions of the shower energy (Fig. 5.8(a)), number of used hits
(Fig. 5.8(b)), and number of used layers (Fig. 5.8(c)) using the mips selection (red) for a particular
run (RunId 1265493420, Tag 01c6, 250 GeV).

(negative and positive) (Fig. 5.10(a)) that just reflects the mechanical structure of the ECAL,
since the PMTs are arranged alternately at the ECAL edges. On the other hand, when the fit
is applied to the corrected ones, the distribution of slopes is centered at 0 with a width of 3.8 %.
Due to the proximity of the electronic threshold to the maximum of the distribution, the ADC
counts distribution presents an inherent uncertainty. Therefore, a cross-check has been done
using the Landau function most probable value (MPV) and the Landau truncated mean of the
corrected ADC counts distribution. The slopes distribution width goes from 2.8 % in the former
case to 4.9 % in the latter case. Both results are compatible within 1 % with the first result,
which validates the attenuation correction on MIPs.
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Fig. 5.9: The attenuation correction function (Fig. 5.9(a)), the raw ADC counts (Fig. 5.9(b)) and the
corrected ADC counts (Fig. 5.9(c)) fitted to a straight line using the distribution mean.

5.2.3 Gain Equalization

The PMT response to MIPs is used to equalize the channels in high gain. The distribution
of signal amplitude in ADC counts is fitted to a Landau function, channel by channel, with the
aim to obtain the MPV that is taken as the reference value for the channel equalization.
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Fig. 5.10: Distributions of the slopes obtained from the fit to raw ADC counts (Fig. 5.10(a)), from the
fit to the corrected ADC counts (Fig. 5.10(b)), and one distribution versus the other (Fig. 5.10(c)), using
the distribution mean.

5.2.3.a Vertical Runs

The Fig. 5.11(a) shows that the distribution of MPVs for the 1296 channels peaks at 28
ADC counts, and it has a width of 17 % due to an intrinsic spread inside the PMTs. This gain
fluctuation can be measured by looking at the anode dispersion within each photomultiplier

Dispersion =
MPVij − 〈MPVj〉

〈MPVj〉 i = 1, . . . , 4 ; j = 1, . . . , 324 (5.1)

The dispersion of 15 % (Fig. 5.11(b)) is in agreement with previuos measurements [98]. On
the other hand, a fit to a Landau function channel by channel in the distribution of the
hits energy, shows that the MPVs distribution peaks at 13 MeV and has a width of 3 %
(Fig. 5.11(c)), showing that most of the channels are well calibrated and only few of them
(16 channels with MPV(Channel) > 〈MPV 〉 + 4σ) require a recalibration.
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Fig. 5.11: [Gain equalization on MIPs] Distribution of the MPV values in ADC counts for all the
channels (Fig. 5.11(a)). Distribution of the anode dispersion (Fig. 5.11(b)), and distribution of the MPV
values in MeV for all the channels (Fig. 5.11(c)).
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Each channel has a particular calibration factor that converts the ADC counts collected into
a measurement of the deposited energy, so in order to check the procedure used to calculate the
MPV values, the calibration factors extracted from the reconstruction software can be compared
with the ones obtained in this analysis when the MPV[MeV] are divided by the MPV[ADC]
(Fig. 5.12(a)). This last distribution has a mean value of 0.48 MeV/ADC, 0.9 % lower than the
extracted from the reconstruction software, and a width of 1.2 %. To compare these two sets
of calibration factors, the energy of the shower has been re-reconstruted from the energy of the
hits. The Fig. 5.12(b) shows that the reconstructed energy obtained with the calibration factors
from the recontruction software is equal to the shower energy itself, which is a validation of the
algorithm used to calculate the energy. The Fig. 5.12(c) shows that the reconstructed energy
obtained with the calibration factors from this analysis is on average a 1 % lower than the shower
energy itself, although are in close agreement with each other.
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Fig. 5.12: Distribution of the calibration factors from the analysis (Fig. 5.12(a)) with the statistic box in
blue. The black statistic box is for the calibration factors from the reconstructed software. The distribution
of the reconstructed energy using the calibration factors from the reconstruction software (red) and the
shower energy itselft (black dots) (Fig. 5.12(b)). The distribution of the reconstructed energy using the
calibration factors from the analysis (blue) and the shower energy itselft (black dots) (Fig. 5.12(c)).

5.2.3.b Inclined Runs

As a final check of the procedure and the calibration factors obtained when the MPV[MeV]
are divided by the MPV[ADC], they have been recalculated using runs with different angles.
The Fig. 5.13 shows a high correlation in the comparison of the calibration factors obtain in this
section with the calibration factors obtain at 0, 5, 10, 15 degrees, remaining stable within 3 %
(Fig. 5.14).

5.3 ECAL Calibration with Electromagnetic Showers

Another approach to the calibration is to use electromagnetic showers to equalize the
channels’ response. There are two constraints to consider: the transverse profile of the energy
forces to use only cells along the shower axis and the longitudinal profile of the energy depositions
requires a layer by layer equalization. The equalization procedure using electromagnetic showers
has been applied in previous ECAL standalone test-beams [99], although the implementation
presented in this analysis is slightly different.
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Fig. 5.13: [Angular check] Comparison of the calibration factors obtained with all the angles and the
calibration factors obtained at 0 deg. (Fig. 5.13(a)), 5 deg. (Fig. 5.13(b)), 10 deg. (Fig. 5.13(c)), and
15 deg. (Fig. 5.13(d)).
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Fig. 5.14: [Angular check] Comparison of the calibration factors obtained at 0◦ with the calibration
factors obtained at 5◦ (Fig. 5.14(a)), 10◦ (Fig. 5.14(b)), and 15◦ (Fig. 5.14(c)).

5.3.1 Electromagnetic Showers Selection

The runs taken with the electron beam have contamination of hadrons. Therefore, it is
neccesary a set of cuts to select the electron signal. The sequence of cuts on the following
quantities, which are explained in the next sections, has been applied in this analysis:

1. Maximum of the shower (ShowerMax).

2. Longitudinal leakage (RearLeak).

3. Energy per hit (Energy/Hit).

4. Shower transverse size (Moliere).

5. Matching of the energy with the tracker momentum (EPMatch).

None of them is an expendable cut, since the efficiencies of the cuts when their are applied
as first cut or last cut in the sequence shows that there is no cut playing a redundant role in
the sequence. The efficiencies for runs of 250 GeV and block Ecal2 are summarize in table 5.5.
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If the events whithin a certain range of energy, taking into account an exponential background
in this region, is considered as the signal (see section 5.4.2, pag. 70) and the remaining ones as
the background, the sequence of cuts has a final efficiency of 77 % in the signal and 0.07 % in
the background.

Table 5.5: Electron selection cuts efficiencies with binomial errors. The values are normalized to the
sample of preselected events.

Cut Eff. As First Eff. As. Last Eff. As First Eff. Signal Eff. Background
(%) (%) (Signal) (%) (Sequence) (%) (Sequence) (%)

ShowerMax 72.94 ± 0.09 94.02 ± 0.15 93.57 ± 0.13 93.57 ± 0.13 64.13 ± 0.11
RearLeak 52.95 ± 0.10 91.60 ± 0.17 86.47 ± 0.19 85.98 ± 0.19 35.86 ± 0.11
Energy/Hit 23.33 ± 0.09 99.10 ± 0.06 98.78 ± 0.06 84.92 ± 0.20 1.32 ± 0.03
Moliere 91.26 ± 0.06 94.12 ± 0.15 93.12 ± 0.14 80.30 ± 0.22 0.81 ± 0.02
EPMatch 15.97 ± 0.08 91.36 ± 0.17 93.22 ± 0.14 77.36 ± 0.23 0.07 ± 0.01

5.3.1.a Maximum of the Shower

From section 2.4 (pag. 17), the maximum of the longitudinal profile for an electromagnetic
shower is proportional to the logarithm of the shower energy (see Eq. (2.22)). The cut applied 3

in the maximum of the shower has this logarithmic dependence with the reconstructed energy.
The results for a beam of 250 GeV electrons can be seen in Fig. 5.15.
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Fig. 5.15: Dependence of the maximum of the shower with the energy, where the dash blue lines are
the ShowerMax cut (Fig. 5.15(a)). Distribution of the reconstructed energy of the preselected sample
(black), for events after the sequence of cuts except the ShowerMax cut (blue), and for events after the
sequence of cuts where the ShowerMax cut is the last cut applied (red) (Fig. 5.15(b)). Distribution of the
reconstructed energy of the sample preselected (black) and of the events after the first step in the sequence
of cuts (red). The dash blue lines defines the signal (Fig. 5.15(c)).

3 log (E(MeV)/a0)−a1−a2 ·E−a3 (GeV) < ShowerMax < log (E(MeV)/b0)+b1+exp(b2−b3 ·E(GeV)),
where the cut parameters are fitted using Monte Carlo samples to a = {a0, a1, a2, a3} = {7.803, 3.61, 2.55, 0.71}
and to b = {b0, b1, b2, b3} = {32.66, 2.143, 1.727, 0.242}.
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5.3.1.b Longitudinal Leakage

The shower at the test-beam energies is not completely contained in the calorimeter, so
the missing energy or rear leak must be estimated [99] in order to give the particle incident
energy. The cut applied 4 in the fraction of missing energy has a logarithmic dependence with
the reconstructed energy. The results for a beam of 250 GeV electrons can be seen in Fig. 5.16.
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Fig. 5.16: Dependence of the fraction of longitudinal leakage with the energy, where the dash blue line is
the RearLeak cut (Fig. 5.16(a)). Distribution of the reconstructed energy of the preselected sample (black),
for events after the sequence of cuts except the RearLeak cut (blue), and for events after the sequence of
cuts where the RearLeak cut is the last cut applied (red) (Fig. 5.16(b)). Distribution of the reconstructed
energy of the preselected sample (black) and of the events after the second step in the sequence of cuts
(red). The dash blue lines defines the signal (Fig. 5.16(c)).

5.3.1.c Energy per Hit

The equipartition of the electromagnetic shower energy between the shower hits has a linear
dependence with the energy, even when the hits of lower energy are excluded (Fig. 5.17(a)).
The Fig. 5.17(c) shows that, for instance, the exclusion of hits with energy lower than 52 MeV
means a reduction of 50 % in the hits multiplicity but only 1.5 % reduction in the shower energy
(Fig. 5.17(b)).

The cut applied 5 in the energy per hit variable has a linear dependence with the reconstructed
energy. The results for a beam of 250 GeV electrons can be seen in Fig. 5.18.

4 RearLeak < a0 + a1 · log(E(GeV)), where the cut parameters have been tuned for test-beam data to the
values a = {0.1, 0.0195}.

5 Energy/Hit > a0 + a1 · E(GeV), where the cut parameters have been tuned for test-beam data to the values
a = {9.3147 × 10-2, 2.538 ×10-3}
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Fig. 5.17: Linear dependence of the energy/hit, setting a threshold in the energy of the hit (Fig. 5.17(a)).
Variation of the reconstructed energy removing hits with a threshold in the energy of the hits (Fig. 5.17(c)).
Variation of the number of used hits with a threshold in the energy of the hits (Fig. 5.17(c)).

 (GeV)recE

0 50 100 150 200 250 300 350 400 450 500

G
e
V

/H
it

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

2.4

 Preselected events: 233760 (100 %)•

 Selected events: 54544 (23.33 %)•

 0.06 (%)± Signal cut efficiency: 98.78 •

(a)

 (GeV)recE

0 50 100 150 200 250 300 350 400 450 500

1

10

210

3
10

410

5
10

Entries  233760

Mean    49.02

RMS     98.39

Entries  25676

Mean    264.6

RMS     23.18

Entries  25676

Mean    264.6

RMS     23.18

Entries  25445

Mean    265.5

RMS     17.64

Entries  25445

Mean    265.5

RMS     17.64

 0.06 (%)± Last Cut Efficiency: 99.10 •

(b)

 (GeV)recE

0 50 100 150 200 250 300 350 400 450 500

1

10

210

3
10

410

5
10

Entries  233760

Mean    49.02

RMS     98.39

Entries  30954

Mean    254.6

RMS     45.89

 Preselected events: 233760 (100 %)•

 Cut selected events: 30954 (13.24 %)•

 0.20 (%)± Signal cut efficiency: 84.92 •

 0.03 (%)± Bkg. cut efficiency: 1.32 •

(c)

Fig. 5.18: Dependence of the energy/hit with the energy, where the dash blue line is the Energy/Hit cut
(Fig. 5.18(a)). Distribution of the reconstructed energy of the preselected sample (black), for events after
the sequence of cuts except the Energy/Hit cut (blue), and for events after the sequence of cuts where the
Energy/Hit cut is the last cut applied (red) (Fig. 5.18(b)). Distribution of the reconstructed energy of the
preselected sample (black) and of the events after the third step in the sequence of cuts (red). The dash
blue lines defines the signal (Fig. 5.18(c)).

5.3.1.d Shower Transverse Size

The shower-shape variables related to the transverse profile of the energy depositions are
used to identify electromagnetic showers, since e.g, the 95 % of the energy of a electromagnetic
shower is contained within 2 Moliere radius (see section 2.4, pag. 17). The cut applied 6 in the
energy contained in a cylinder of 2 cm of radius around the shower axis is energy independent.
The results for a beam of 250 GeV electrons can be seen in Fig. 5.19.

6 Energy±2 cm/TotalEnergy > 0.955, where the cut value has been tuned with test-beam data.
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Fig. 5.19: Dependence of the fraction of energy contained in a cylinder of 2 cm of radius with the energy,
where the dash blue line is the Moliere cut (Fig. 5.19(a)). Distribution of the reconstructed energy of
the preselected sample (black), for events after the sequence of cuts except the Moliere cut (blue), and
for events after the sequence of cuts where the Moliere cut is the last cut applied (red) (Fig. 5.19(b)).
Distribution of the reconstructed energy of the preselected sample (black) and of the events after the fourth
step in the sequence of cuts (red). The dash blue lines defines the signal (Fig. 5.19(c)).

5.3.1.e Matching Energy/Momentum

In addition to the set of electromagnetic cuts already applied (ShowerMax, RearLeak,
Energy/Hit and Moliere), the reconstructed energy in the calorimeter must be compatible with
the reconstructed momentum of the particle measured in the Tracker. The cut applied 7 in the
ratio E/|P | is energy independent. The results for a beam of 250 GeV electrons can be seen in
Fig. 5.20(c).
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Fig. 5.20: Dependence of the matching energy/momentum with the energy, where the dash blue line
is the EPMatch cut (Fig. 5.20(a)). Distribution of the reconstructed energy of the preselected sample
(black), for events after the sequence of cuts except the EPMatch cut (blue), and for events after the
sequence of cuts where the EPMatch cut is the last cut applied (red) (Fig. 5.20(b)). Distribution of the
reconstructed energy of the preselected sample (black) and of the events after the fifth step in the sequence
of cuts (red). The dash blue lines defines the signal (Fig. 5.20(c)).

7 E/|P | > 0.8, where the cut value has been tuned with MC.
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5.3.2 Calibration Method

The MIPs absolute calibration equalizes the channels in high gain. Besides, the low gain
channels can be equalized with the ratio of high and low gain for each anode in the region where
the high gain is not yet saturated. The average ratio found using the runs of block Ecal2 is 33
(Fig. 5.21(a)), in agreement with previous measurements [76].

The great advantage of using MIPs to calibrate is that the energy deposition is the same in all
cells and layers along the particle path. However, this energy differs by three orders of magnitude
with the energy deposited by a 250 GeV electron in the axis of the electromagnetic shower and
central layers (Fig. 5.21(b)). Therefore, a subsequent calibration with electromagnetic showers
can be used to equalize the energy deposition in the ECAL cells. This calibration comprises
four steps: attenuation check, cells equalization, impact point correction implementation and
rear leak check.

Entries  1296

Mean    33.28

RMS    0.4732

Constant  11.1± 271.5 

Mean      0.02± 33.27 

Sigma     0.0171± 0.4488 

Ratio High/Low

20 25 30 35 40 45 50

1

10

210

Entries  1296

Mean    33.28

RMS    0.4732

Constant  11.1± 271.5 

Mean      0.02± 33.27 

Sigma     0.0171± 0.4488 

(a)

# Cell

940 945 950 955 960 965 970 975 980 985 990 995 1000 1005

G
e
V

0

5

10

15

20

25

(b)

Fig. 5.21: Ratio of high and low gain for each anode (Fig. 5.21(a)). Deposited energy in cells of layer
13 along the shower axis with 250 GeV electrons (block Ecal2) (Fig. 5.21(b)).

5.3.3 Attenuation Correction

The strategy used to check the attenuation correction with electromagnetic showers involves
the comparison of the deposited energy in the same cell at different fiber lengths using opposite
runs (table 5.6). The differences of energy in the external cells can reach values up to
40 %, decreasing toward the center of the ECAL (Fig. 5.22(a)). On the contrary, the MC
simulation does not exhibit such behavior (Fig. 5.22(b)), showing that the attenuation effects
are consistently accounted by the reconstruction.

If the energy coming from the attenuation correction α is written as a fraction of the energy
without attenuation correction E0

α = κ ·E0 (5.2)

where κ is constant for a fixed position along the fiber, the energy deposited in the same cell in
two opposite runs must be equal

E0
1 + f ·α1 = E0

2 + f ·α2 ⇒ E0
1(1 + κ1 · f) = E0

2(1 + κ2 · f) (5.3)
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6.3 TRD Performance

The TRD e/p separation is based on the dependence of the deposited energy in the tubes
with the Lorentz-factor. The two most representative methods out of the several methods to
carry out this separation [87] are presented in this analysis: the cluster counting method and
the likelihood method.

6.3.1 Cluster Counting

The cluster counting method is based on the number of clusters with deposited energy above
a threshold (Edep > 6.5 keV) that exists in an event (Fig. 6.13) . The events with a number
of clusters greater or equal than a certain cut value are selected (Ncl ≥ 6). The efficiency of
this method is 97.45 % for 250 GeV electrons at 5◦ and 8.17 % for 400 GeV protons at 5◦. The
complete set of efficiencies, including the efficiencies from the adjusted MC to test-beam data,
is summarized in table 6.5. The difference in the number of used clusters per event observed
in section 6.2.1 between MC and data is a source for the discrepancies on the efficiency values
for electrons and protons between the adjusted MC and data. There exits a dependence of
the cluster counting efficiency with the beam angle (Fig. 6.14), and the differences between the
efficiency values are not greater than 8 % for electrons, 20 % for pions, and 30 % for protons
(table 6.6). Using all the available samples, the efficiency can be plotted as a function of γ
(Fig. 6.13(c)).

Table 6.5: Cluster counting efficiencies and beam angles for test-beam data and adjusted MC.

Particle Energy Block 0◦ 5◦ 10◦ 15◦

(GeV) Eff. (%) Eff. (%) Eff. (%) Eff. (%)

TB Data

Electron

180 Ecal1 90.00 ± 0.18 97.74 ± 0.07 92.65 ± 0.14 97.72 ± 0.07
250 Ecal1 93.17 ± 0.28 97.45 ± 0.10 94.32 ± 0.09 97.66 ± 0.09
250 Ecal2 93.21 ± 0.07
300 Ecal1 93.44 ± 0.53 95.74 ± 0.24 91.93 ± 0.46 95.99 ± 0.46

Pion

180 Ecal1 51.13 ± 0.14 49.21 ± 0.15 48.44 ± 0.16 59.80 ± 0.18
250 Ecal1 71.13 ± 0.22 73.78 ± 0.21 72.69 ± 0.13 79.63 ± 0.19
250 Ecal2 72.24 ± 0.07
300 Ecal1 76.06 ± 0.15 79.44 ± 0.12 75.29 ± 0.19 83.96 ± 0.16

Proton 400 Ecal1 11.60 ± 0.09 8.17 ± 0.07 9.50 ± 0.08 9.33 ± 0.09

MC

Electron

180 Ecal1 93.83 ± 0.69 95.40 ± 0.28 91.70 ± 0.42 93.67 ± 0.33
250 Ecal1 95.79 ± 0.58 95.46 ± 0.29 94.43 ± 0.19 93.53 ± 0.35
250 Ecal2 95.82 ± 0.16
300 Ecal1 93.09 ± 0.75 94.95 ± 0.31 90.50 ± 0.46 94.87 ± 0.31

Pion
180 Ecal1 58.26 ± 0.77 57.90 ± 0.31 48.92 ± 0.33 53.89 ± 0.32
250 Ecal2 79.82 ± 0.24
300 Ecal1 81.45 ± 0.60 83.89 ± 0.23 75.86 ± 0.28 79.41 ± 0.26

Proton 400 Ecal1 10.39 ± 0.27 8.26 ± 0.08 8.10 ± 0.08 8.76 ± 0.09
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Fig. 6.13: Distribution of the number of clusters with Edep > 6.5keV for 400 GeV protons at 5◦

(Fig. 6.13(a)) and 250 GeV electrons at 5◦ (Fig. 6.13(b)). Efficiency of the cluster counting method
with Ncl ≥ 6 plotted as a function of the Lorentz-factor γ (Fig. 6.13(c)).

Table 6.6: Cluster counting efficiencies and beam angle differences for test-beam data.

Particle Energy Highest Efficiency Lowest Efficiency |Low/High− 1|
(GeV) (%) (%) (%)

Electron
180 97.74 @ 5◦ 90.00 @ 0◦ 7.92
250 97.66 @ 15◦ 93.17 @ 0◦ 4.60
300 95.99 @ 15◦ 91.93 @ 10◦ 4.23

Pion
180 59.80 @ 15◦ 48.44 @ 10◦ 20.00
250 79.63 @ 15◦ 71.13 @ 0◦ 10.67
300 83.96 @ 15◦ 75.29 @ 10◦ 10.33

Proton 400 11.60 @ 0◦ 8.17 @ 5◦ 29.6
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Fig. 6.14: Distribution of the cluster counting efficiency dependence with the beam angle for electrons
(Fig. 6.14(a) and Fig. 6.14(b)), pions (Fig. 6.14(c)), and 400 GeV protons (Fig. 6.14(d)).
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6.3.2 Likelihood

The likelihood method is based on the likelihood ratio test, that can be used when there exist
events that can occur with two different distributions and the hypothesis of events occurring
with one of them must be ruled out. The likelihood ratio can be defined as [87]:

L =
We

We +Wp
; We,p = n

√
√
√
√

n∏

i=1

P i
e,p(Ei) (6.3)

where n is the number of clusters of each event, P i
e,p(Ei) are the probability density functions

(p.d.f.) for electrons (e) and protons (p) and Ei the clusters energy.
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Fig. 6.15: Electron-like event p.d.f. from test-beam data and adjusted MC (Fig. 6.15(a)). Proton-like
event p.d.f. and also ionization p.d.f. from test-beam data and adjusted MC (Fig. 6.15(b)). Transition
p.d.f. from test-beam data and adjusted MC (Fig. 6.15(c)). Test-beam data is solid red circle markers
and MC is empty black circle markers.

In this analysis two different approaches using the likelihood method are presented:

1. Take into account only used clusters, with the natural logarithm of the likelihood
definition (6.3) and the electron-like and proton-like p.d.f. from test-beam.

2. Take into account only used clusters, with the natural logarithm of the likelihood
definition (6.3) and the ionization and transition p.d.f. from test-beam. For each cluster
energy, the p.d.f. with greater value is used to calculate We.

The resulting likelihood distributions are used to establish the efficiency of the method fixing
a threshold likelihood. Integrating this distributions along the likelihood value determines the
variation of the efficiency with the likelihood threshold (Fig. 6.16).

The table 6.7 summarizes the threshold values that have been obtained at 90 % electron
efficiency and the efficiencies of the two likelihood methods at 0 degrees beam angle. From
adjusted MC to test-beam data, the 400 GeV protons efficiency reproduces the data at 90 %
electron efficiency (Fig. 6.17). Besides, there exits a dependence of the likelihood efficiencies
with the beam angle and the differencies between the efficiency values are not greater than 9 %
for electrons, 27 % for pions, and 29 % for protons (table 6.8).
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Fig. 6.16: Distributions of the natural logarithm of the likelihood for 250 GeV electrons (green) and
400 GeV protons (black). Both of them at 0◦ (Fig. 6.16(a) and 6.16(b)). Efficiency variation with the
likelihood threshold for 180 GeV electrons (red), 250 GeV electrons (green), 300 GeV electrons (blue), and
400 GeV protons (black). The four of them at 0◦ (Fig. 6.16(c) and 6.16(d)). The vertical dash line
represents the likelihood threshold value for 90 % electron efficiency.

Table 6.7: Likelihood threshold values and efficiencies with binomial errors at 0◦ for test-beam data and
adjusted MC.

Likelihood Likelihood e− 180 GeV e− 250 GeV e− 300 GeV p 400 GeV
Method Threshold (%) (%) (%) (%)

TB Data

Likelihood (1) − log(L) < 0.70 87.73 ± 0.18 90.04 ± 0.33 89.23 ± 0.66 3.22 ± 0.05
Likelihood (2) − log(L) < 0.47 86.58 ± 0.19 89.55 ± 0.34 88.59 ± 0.68 2.90 ± 0.05

MC

Likelihood (1) − log(L) < 0.70 91.78 ± 0.69 91.18 ± 0.48 88.65 ± 0.82 3.19 ± 0.14
Likelihood (2) − log(L) < 0.47 91.45 ± 0.70 90.61 ± 0.49 88.45 ± 0.82 3.25 ± 0.14
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Fig. 6.17: Distribution of the natural logarithm of the likelihood method (2) for 250 GeV electrons at 0◦

(Fig. 6.17(a)) and 400 GeV protons at 0◦ (Fig. 6.17(b)), the black markers represent the test-beam data
and the red line the adjusted MC. Likelihood method (2) efficiency dependence with the beam angle for
electrons (Fig.6.17(c)) and 400 GeV protons (Fig. 6.17(d)). Solid markers and solid line represent the
test-beam data and the empty markers and dash line the adjusted MC.
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Table 6.8: Likelihood efficiencies and beam angles.

Particle Energy Likelihood Highest Efficiency Lowest Efficiency |Low/High− 1|
(GeV) Method (%) (%) (%)

Electron

180
(1) 93.86 @ 5◦ 87.72 @ 10◦ 6.44
(2) 93.31 @ 5◦ 85.65 @ 10◦ 8.21

250
(1) 93.63 @ 15◦ 89.91 @ 10◦ 3.97
(2) 93.15 @ 15◦ 89.48 @ 10◦ 3.94

300
(1) 91.06 @ 5◦ 87.27 @ 10◦ 4.16
(2) 90.50 @ 5◦ 86.07 @ 10◦ 4.90

Pion

180
(1) 44.64 @ 15◦ 32.71 @ 0◦ 26.7
(2) 43.48 @ 15◦ 31.95 @ 0◦ 26.5

250
(1) 67.38 @ 15◦ 54.01 @ 0◦ 19.8
(2) 66.28 @ 15◦ 53.30 @ 0◦ 19.6

300
(1) 73.56 @ 15◦ 63.84 @ 10◦ 13.2
(2) 72.30 @ 15◦ 62.64 @ 10◦ 13.4

Proton 400
(1) 3.25 @ 15◦ 2.32 @ 5◦ 28.6
(2) 3.06 @ 15◦ 2.26 @ 5◦ 26.1

Using the pion samples extracted from the electron beam and the cosmic muons taken during
the test-beam, the efficiency can be plotted as a function of the Lorentz-factor γ (Fig. 6.18),
taking into account the likelihood threshold values obtained at 90 % electron efficiency.

γ
1 10

210
3

10 410
5

10
6

10

%

1

10

210

Electrons (180,250,300 GeV  5 deg)

Pions (180,250,300 GeV  5 deg)

Cosmic Muons

Protons (400 GeV  5 deg)

(a) Likelihood (1)

γ
1 10

210
3

10 410
5

10
6

10

%

1

10

210

Electrons (180,250,300 GeV  5 deg)

Pions (180,250,300 GeV  5 deg)

Cosmic Muons

Protons (400 GeV  5 deg)

(b) Likelihood (2)

Fig. 6.18: Likelihood method efficiency plotted as a function of the Lorentz-factor γ, taking into account
the likelihood threshold values obtained for 90 % of electron efficiency.

6.3.3 TRD-ECAL correlations

The efficiencies for 400 GeV protons using only the TRD cuts presented in the section 6.3
are within the range [2.6, 10] % (Fig. 6.19). If there exist no correlations between the TRD and
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the ECAL, the product of the two individual efficiencies must be equal to the efficiency obtained
applying the two sets of cuts. The results presented in the table 6.9 for test-beam data and
adjusted MC do not show any hint of the existence of correlations, since the values are consistent
within the error bars.
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Fig. 6.19: Distribution of the ECAL reconstructed energy of the preselected sample (black) and of the
events after TRD cuts (red), for differents TRD methods and 400 GeV protons.

Table 6.9: Proton selection cuts efficiencies with binomial errors for test-beam data and adjusted MC.
The values are normalized to the sample of preselected events.

ǫecal ǫtrd ǫecal · ǫtrd ǫecal+trd

(%) (%) (%) (%)

TB Data

Cluster Counting

0.067 ± 0.004

10.08 ± 0.04 0.0068 ± 0.0004 0.0055 ± 0.0010

Likelihood (1) 2.76 ± 0.02 0.0019 ± 0.0001 0.0021 ± 0.0006

Likelihood (2) 2.61 ± 0.02 0.0018 ± 0.0001 0.0018 ± 0.0006

MC

Cluster Counting

0.071 ± 0.005

7.82 ± 0.05 0.0056 ± 0.0003 0.0044 ± 0.0011

Likelihood (1) 2.43 ± 0.03 0.0017 ± 0.0001 0.0017 ± 0.0007

Likelihood (2) 2.48 ± 0.03 0.0018 ± 0.0001 0.0020 ± 0.0008

Besides, the TRD efficiency do not present any special feature when it is plotted for different
energy bins, instead of integrated over the entire energy range, in test-beam data (Fig. 6.20(a))
and MC (Fig. 6.20(b)). Using the ECAL MIPs selection (see section 5.2.1, pag. 48), the total
events can be split in two samples: MIPs and no MIPs. The distribution of the number of
anticounters fired per event for protons that develop an hadronic shower in the ECAL (tagged
as no MIPs) shows an increase in the number of anticounters due to the existence of backsplash
at the ECAL entry (Fig. 6.21(a)).

This two samples, after TRD cuts, contain the same amount of transition radiation that can
be seen, e.g., in the number of clusters with Edep > 6.5 keV, integrated over the beam angle
(Fig. 6.21(b)) or for individual beam angles (Fig. 6.21(c)). The efficiency of both samples are
compatible within the error bars (Fig. 6.20(c) and 6.20(d)).
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(b) MC 400 GeV protons:
Likelihood (2)
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Fig. 6.20: Likelihood (2) efficiency for different ECAL reconstructed energy bins (Fig. 6.20(a) and
6.20(b)) for 400 GeV protons, where the dash blue line represents the total efficiency integrated over
energy. Distribution of the ECAL reconstructed energy of the preselected sample (black) and of the
events after the likelihood (2) cut (red), for the MIPs sample (Fig. 6.20(c)) and the no MIPs sample
(Fig. 6.20(d)).
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Fig. 6.21: Number of anticounters fired per event after the likelihood (2) cut (Fig. 6.21(a)). Number of
clusters with Edep > 6.5 keV per event after the likelihood (2) cut (Fig. 6.21(b)). Mean number of clusters
with Edep > 6.5 keV per event after the likelihood (2) cut for different beam angles (Fig. 6.21(c)).

6.4 AMS-02 SCM Configuration Proton Rejection Factor

The rejection factor is defined as the ratio of the signal (electron) acceptance and the
background (proton) acceptance

R(E) =
Asig(E)
Abkg(E)

(6.4)

where the acceptance A can be written as the product of the trigger acceptance, the preselection
cuts efficiency, and the selection cuts efficiency (section 5.3.1)

A = Atrig · ǫpre · ǫsel (6.5)

This acceptance must be corrected for protons in real data-taking, since the reconstructed energy
is lower than the real one, and the background contribution at certain energy E comes from a
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cosmic proton spectrum region with lower flux. The section 8.2.2 (pag. 107) will get back to
this subject.

6.4.1 Preselection Cuts Efficiency

For the test-beam 400 GeV protons, the set of preselection cuts (Fig.6.1) has an efficiency of
34 %, which comes from the ratio of the number of events after preselection cuts and the number
of processed events (Fig. 6.22(b)). In the case of test-beam electrons, the preselection cuts
efficiency is 42 % (250 GeV), and comes from the quotient of the number of events within a range
of energy after selection cuts (section 5.3.1, pag. 52) without the energy/momentum matching
and the number of events within the same range of energy after selection cuts (without the
energy/momentum matching) and preselection cuts (Fig. 6.22(a)). The table 6.10 summarizes
the efficiency of the preselection cuts sequence for test-beam data and MC.
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Fig. 6.22: 6.22(a): Reconstructed energy distribution (250 GeV electron runs) for events with one
shower reconstructed (bold black line), events after preselection cuts (thin black line), events after selection
cuts (section 5.3.1) without the energy/momentum matching (blue), and events after selection cuts
(without the energy/momentum matching) and preselection cuts (red). 6.22(b): Reconstructed energy
distribution (400 GeV proton runs) for events processed (bold black line) and events after preselection cuts
(red).

Table 6.10: Preselection cuts efficiencies at different energies with binomial errors.

Electron 180 GeV Electron 250 GeV Electron 300 GeV Proton 400 GeV
(%) (%) (%) (%)

TB Data 42.33 ± 0.10 42.14 ± 0.15 35.21 ± 0.24 33.57 ± 0.04

MC 42.50 ± 0.25 40.48 ± 0.25 34.80 ± 0.28 38.68 ± 0.06

6.4.2 ECAL+TRD e/p Separation Cuts Efficiency

The efficiency of the set of ECAL electromagnetic cuts and the matching between energy and
momentum (section 5.3.1, pag 52) plus TRD cuts is within the range [0.002, 0.006] % for 400 GeV
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protons, and within the range [72, 76] % for 250 GeV electrons (Fig. 6.23). In the case of test-
beam electrons, the events within a certain range of energy, after subtraction of an exponential
background in this region, are considered as signal. On the other hand, the MC efficiencies
are within the range [74, 75] % for 250 GeV electrons and within the range [0.002, 0.004] % for
400 GeV protons (Fig. 6.23(f)). The table 6.11 summarizes the signal (electron) and background
(proton) efficiencies for test-beam data and MC where the background efficiencies that have
been obtained are consistent within the error bars for a similar signal efficiency.
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Fig. 6.23: Distribution of the ECAL reconstructed energy of the preselected sample (black) and of
the events after ECAL+EPMatch+TRD cuts (red), for differents TRD methods. The black solid line
represents the exponential bakground subtracted from the signal within the range of the two vertical blue
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Part IV

AMS-02 Permanent Magnet
Configuration Capabilities





7
AMS-02 SCM and PM Configurations Comparison

The permanent magnet configuration is the AMS-02 flight configuration. The data
collected in the February 2010 test-beam with the AMS-02 superconducting magnet
configuration of the detector is compared with the August test-beam data, taken with
the AMS-02 flight configuration. A good agreement between both configurations,
together with the Monte Carlo comparison carried out in previous chapters, validates
the cosmic ray positron analysis.

T
he AMS-02 detector was tested with a beam of protons, electrons and positrons during
August 2010 at the CERN facilities with the flight configuration, ie., the permanent magnet

(PM) configuration (section 3.2.2, pag. 34). The replacement of the superconducting magnet
by the permanent magnet and the re-arrangement of the Tracker planes should not affect the
intrinsic performance of the calorimeter and the transition radiation detector since the new layers
on top of both subsystems do not represent a substantial increment in the amount of material
that the particles go through along the detector. Therefore, a cross-check of the February test-
beam data with the August test-beam data must validate the results obtained in the chapters 5
and 6.

7.1 Electromagnetic Calorimeter

The August test-beam positions do not include the block Ecal2 from February test-beam
(see section 5.1.1, pag. 43). Therefore, not all the cells along the 18 layers have recorded signals
for an impinging electron beam at the ECAL entry, since the block Ecal2 offers two samples of
the same cell at different fiber positions, which makes possible the attenuation study carried out
in the section 5.3.3 (pag. 57) with the February data.

To compare the ECAL performance between the February and August test-beam, 180 GeV
electrons and 400 GeV protons data samples have been used (table 5.2 (pag. 44)).

7.1.1 ECAL Calibration Verification

The distribution of the cells occupancy of the Fig. 7.1(a) shows that the 100 % of the cells
were active during the August test-beam. The fraction of used hits is 82 % in the last layers
using 180 GeV electrons, which is in good agreement with February test-beam data (Fig. 7.1(b)).
On the other hand, the number of total and used hits per layer and event is practically the same
in February and August data (Fig. 7.2(a) and 7.2(b)), with a difference lower than 1 % for most
of the layers (Fig. 7.2(c)).
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Fig. 7.1: Distribution of cells occupancy (Fig. 7.1(a)) in total hits (blue) and used hits (red) after
preselection cuts and electron selection cuts, using 180 GeV electrons from August test-beam. Ratio of
used hits and total hits for each layer (Fig. 7.1(b)) using 180 GeV electrons from February (solid markers)
and August (empty markers). The cell number increases from top layer to the bottom layer.
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Fig. 7.2: Number of total hits per layer and event (Fig. 7.2(a)) for February (solid markers) and August
(empty markers) 180 GeV electrons. Number of used hits per layer and event (Fig. 7.2(b)) for February
(solid markers) and August (empty markers) 180 GeV electrons. Comparison of the number of hits, total
(blue empty markers) and used (red solid makers), between February and August (Fig. 5.6(c)).

7.1.1.a ECAL Calibration Cross-Check with MIPs

The ADC signal of the hits is converted to energy with a channel calibration factor that
relates the ADC counts response of the PMT channels in high gain to MIPs, with deposited
energy in MeV (Fig. 5.12(a), pag. 51). This straightforward conversion, ADC to MeV, remains
valid until the high gain is saturated. Once saturated the high gain, the ADC counts in low
gain are scaled with the ratio of high and low gain in the region where the high gain is not yet
saturated.

The MIPs selection cut presented in section 5.2.1 (pag. 48) has been applied to August test-
beam data in order to select MIP events. A truncated Landau fit to the distribution of the signal
amplitude in ADC counts shows that the distribution of the MPVs for the 1296 channels peaks
at 28 ADC counts (Fig. 7.3(a)) and it has a width of 16 %. The comparison of the channels’
MVP[ADC] between the February and August test-beam shows a correlation (Fig. 7.3(b)), with
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a MPV[ADC] values 2 % higher in August an spread of 10 % (Fig. 7.3(c)). On the other hand,
from a fit to a Landau function channel by channel in the distribution of the hits energy, the
distribution of the MPVs peaks at 12.9 MeV, 2 % lower than in February, and has a width of
2.7 %.
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Fig. 7.3: Distribution of the MPV values in ADC counts for all the channels (7.3(a)). Comparison of
the channels’ MPV obtained in February and August (Fig. 7.3(b) and 7.3(c)).

7.1.2 ECAL Performance

If the energy is re-reconstructed from the hit ADC counts using the February calibration
factors that converts the ADC counts collected into deposited energy (Fig. 5.12(a), pag. 51), a low
to high gain ratio of 33.5 for all the channels, and taking into account the battery of corrections
presented in the section 5.3 (pag. 51): the amplification factors of the attenuation correction
(Fig. 5.23(b), pag. 59), the correction factors of the gain equalization (Fig. 5.28(b), pag. 62),
and the impact point correction (see section 5.3.5, pag. 63), the energy resolution obtained
for 180 GeV electrons at 0◦ in the February test-beam is 1.97 ± 0.03 % (Fig. 7.4(a)), in good
agreement with the energy resolution obtained in the August test-beam, which is 1.91 ± 0.03 %
(Fig. 7.4(b)).
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Fig. 7.4: Distribution of the reconstructed energy for 180 GeV electrons at 0◦ in February (Fig. 7.4(a)
and in August (Fig. 7.4(b)) .
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7.1.2.a ECAL e/p Separation Cuts Efficiency

The ECAL selection cuts (see section 5.4.2, pag. 70) based on ECAL electromagnetic
variables, ie., ShowerMax, RearLeak, Energy/Hit and Moliere, have a similar cumulative
efficiency for 400 GeV protons in February (1.3 %) and August (1.4 %) test-beam data, while
the efficiency for 180 GeV electrons is above 80 % (Fig. 7.5). The results are summarized in
table 7.1

Table 7.1: Electron and proton selection cuts efficiencies with binomial errors. The values are
normalized to the sample of preselected events.

Particle TB ShowerMax RearLeak Energy/Hit Moliere
(%) (%) (%) (%)

180 GeV e−
Feb 96.27 ± 0.15 94.78 ± 0.17 93.61 ± 0.19 86.53 ± 0.27
Aug 95.64 ± 0.41 94.26 ± 0.41 92.08 ± 0.40 80.01 ± 0.38

400 GeV p
Feb 47.89 ± 0.07 25.73 ± 0.06 3.96 ± 0.03 1.30 ± 0.02
Aug 49.19 ± 0.06 20.40 ± 0.04 4.51 ± 0.02 1.41 ± 0.01

The momentum resolution degradation within the PM configuration (see section 3.2.2.b,
pag. 35) affects the EPMatch cut. For a practically same efficiency of 13 % for 400 GeV protons
when it is used as first cut, the 180 GeV electron efficiency goes from 94 % in February to 84 %
in August (Fig. 7.6).

Instead of use a set of electromagnetic cuts, there is another approach to maximize the
ECAL e/p rejection factor which involves multivariate analysis [101]. Using real-flight data,
there exits an improvement of a factor of 3 in the proton efficiency at 100 GV and 90 % electron
efficiency when the multivariate analysis is used instead of the electromagnetic cuts presented
in this analysis.
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Fig. 7.5: Distribution of the reconstructed energy of the preselected sample (black) and the events after
the sequence of cuts without EPMatch (red) for 180 GeV electrons at 0◦, February test-beam (Fig. 7.5(a))
and August test-beam (Fig. 7.5(b)), and 400 GeV protons, February test-beam (Fig. 7.5(c) and August
test-beam (Fig. 7.5(d)).
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Fig. 7.6: Distribution of the quotient E/|P | for 180 GeV electrons in February (7.6(a)), 180 GeV
electrons in August (7.6(b)), and 400 GeV protons in February and August (Fig. 7.6(c)). The red
distribution in the electron runs contains events after the ECAL selection cuts without the EPMatch
cut. The number in each figure represents the efficiency of the EPMatch cut as first cut.

7.2 Transtition Radiation Detector

To compare the TRD performance between the February and August test-beam, 180 GeV
electrons and 400 GeV protons samples have been used from table 5.2 (pag. 44), together with
180 GeV electrons and 400 GeV protons from August test-beam.

7.2.1 TRD Calibration Verification

The distribution of the tubes occupancy of the Fig. 6.2 (pag.77) shows that the 100 % of the
5248 tubes were active during the February test-beam. The same tubes occupancy distribution
shows that in the August test-beam there were 5247 (99.98 %) tubes active and one tube with
no collected signal (Fig. 7.7).
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Fig. 7.7: Tubes occupancy distribution in total clusters per event after preselection cuts and electron
selection cuts (section 5.3.1) for 180 GeV electrons.
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7.2.1.a TRD Track Multiplicities

The deposited energy of the reconstructed clusters from the tubes readout signals is behind
the TRD e/p separation. Therefore, the TRD cluster multiplicity distributions of Fig. 6.3 and
Fig. 6.4 (pag. 77) must be compared between the February and the August test-beam data. The
number of total clusters per track and event is 25 for 180 GeV electrons, while the number of
used clusters is 19, which represents a ratio of 76 % (Fig. 7.8). On the other hand, the number
of total clusters per track and event is 21 for 400 GeV protons with 19 used clusters, which
represents a ratio of 89 % (Fig. 7.9).
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Fig. 7.8: Distribution of the track cluster multiplicity in total clusters (Fig. 7.8(a), August (black
markers) and February (blue line)) and used clusters (Fig. 7.8(b), August (black markers) and February
(red line)), after preselection cuts and electron selection cuts (section 5.3.1) for 180 GeV electrons. Ratio
of used clusters and total clusters (Fig. 7.8(c), August (blue markers) and February (black line)).
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7.2.1.b Tubes Deposited Energy

The distribution of the energy deposited in the tubes for 180 GeV electrons is shown in
Fig. 7.10(a)), where the spectra ratio holds below 5 %. However, in the case of protons
(Fig. 7.10(b)), the spectra matching is not at the same level of the electron agreement, with a
difference of 15 % at 15 keV in the spectra quotient due to a lower amount of deposited energy
in the August sample. The fit to a convoluted Landau and Gaussian function in the range
[0.5,6] keV of the deposited energy spectra, provides an ionization MPV of 1.8 keV for 180 GeV
electrons. The MPV obtained for each layer remains stable within 3 % (Fig. 7.10(c)).
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Fig. 7.10: Deposited energy spectrum of the tubes for 180 GeV electrons (Fig. 7.10(a)) and 400 GeV
protons (Fig. 7.10(b)). Ionization MPV within each layer for 180 GeV electrons (Fig. 7.10(c)). August
(blue) and February (red)).

7.2.2 TRD Performance

In section 6.3 (pag. 83) two methods were introduced to perform the TRD e/p separation:
the cluster counting method and the likelihood method. The cluster counting method is a
straightforward method, since a cut in the number of clusters per event (Ncl ≥ 6) with energy
above a threshold, separates particles with different Lorentz-factor γ.

Table 7.2: Modified cluster counting and likelihood efficiencies with binomial errors at 5◦.

Particle TB Modified Cluster Counting Likelihood (1) Likelihood (2)
(%) (%) (%)

180 GeV e−
Feb 91.10 ± 0.14 91.82 ± 0.13 91.06 ± 0.13
Aug 91.47 ± 0.34 90.77 ± 0.37 89.89 ± 0.38

400 GeV p
Feb 7.12 ± 0.07 2.02 ± 0.03 1.97 ± 0.03
Aug 7.18 ± 0.03 2.13 ± 0.02 1.95 ± 0.02

On the other hand, the likelihood method requires as input two probability density functions
(p.d.f.) in order to test two hypothesis. The Fig. 7.11 shows the p.d.f. obtained from the
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February and August test-beam data. The transition distributions obtained with both data sets
(Fig 7.11(c)) are quite similar, with a MPV of 11 keV for 180 GeV electrons.
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Fig. 7.11: Electron-like event p.d.f. (Fig. 7.11(a)), proton-like event p.d.f. and also ionization p.d.f.
(Fig. 7.11(b)), and transition p.d.f. (Fig. 7.11(c)) from February test-beam data (solid red circle marker)
and August test-beam data (solid blue circle marker).

The number of clusters tagged as transition clusters when the second likelihood method is
applied will be used to compare the February and August data samples instead of the number
of clusters with deposited energy above 6.5 keV. This modified cluster counting is based on the
comparison of the ionization and transition p.d.f. values at each cluster energy. The distribution
of the number of transition clusters per event for 180 GeV electrons and 400 GeV protons at 5◦

has a similar mean and spread for the February and August data sets (Fig. 7.12). A cut in the
number of transition clusters per event (Ncl ≥ 6) gives an efficiency of 7 % for protons and 91 %
for electrons (table 7.2).
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Fig. 7.12: Distribution of the number of transition clusters per event for 180 GeV electrons at 5◦

(Fig. 7.12(a)) and 400 GeV protons at 5◦ (Fig. 7.12(b)). August test-beam data is in blue and February
test-beam data in red.
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The probability density functions from Fig 7.11 are used in the two likelihood methods
introduced in the section 6.3.2 (pag. 85). The distributions of the natural logarithm of the
likelihood are shown in Fig. 7.13, where the efficiency obtained for 400 GeV protons is 2 % while
the electron efficiency is close to 90 % (table 7.2).
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Fig. 7.13: Distributions of the natural logarithm of the likelihood for 180 GeV electrons at 5◦ (Fig. 7.13(a)
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8
AMS-02 Capabilities for CR Positron Measurements

The results obtained in both test-beams demonstrate that the ECAL and TRD
performances remain the same despite the latest detector upgrade. However, the
proton suppression obtained from test-beam data is limited to one energy point.
Therefore, a Monte Carlo simulation of the detector in its flight configuration is
used to extend the rejection factor to other energies in order to exclude a proton
contamination in the estimation of the positron signal detected by AMS-02.

O
nce AMS-02 underwent the test-beam with the flight configuration in August 2010, the AMS
software has been updated to have an event reconstruction with calibrated subsystems and

a realistic Monte Carlo simulation. This updated version has been used to simulate protons an
electrons in order to estimate the rejection power at different energies and thereby determine an
upper limit for the positron measurement.

8.1 Monte Carlo Data Sample

The generation range for protons and electrons was split into three sub-ranges, namely
(0.5,10), (10,200), and (200,4000) GeV. The events in each range were generated isotropically
following a logarithmic spectrum in momentum and the total statistics add up 2.6 × 1010 events
in the case of protons and 3.9 × 108 events in the case of electrons (table 8.1).

Table 8.1: Proton and electron MC statistics.

Particle Energy Range (GeV) # Generated Events

Proton
0.5–10 1.95 × 1010

10–200 5.92 × 109

200–4000 2.92 × 108

Electron
0.5–10 9.99 × 107

10–200 9.59 × 107

200–4000 1.97 × 108
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8.2 AMS-02 e/p Separation Performance

The detector upgrade, which basically consisted in the replacement of the superconducting
magnet and the re-arrangement of the Tracker planes, does not interfere with the ECAL
and TRD intrinsic capabilities to suppress the proton background since the e/p separation
performance of both subsystems remains the same as the previous chapter demonstrates.
However, when the energy and momentum matching is introduced, the AMS-02 efficiency for
400 GeV protons differs by a factor 3 between both configurations due to the degradation in the
momentum resolution. To extend the AMS-02 e/p separation performance to other energies,
the electromagnetic cuts were tuned independently to match the result obtained with data at
400 GeV. The agreement between data and MC can be seen in Fig. 8.1 when the complete set
of cuts is applied.
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Fig. 8.1: ECAL electromagnetic cuts (Fig. 8.1(a)), plus matching between energy and momentum
(Fig. 8.1(b)), plus TRD likelihood cut (Fig. 8.1(c)) efficiency for protons from MC simulation compare
with test-beam data results at 400 GeV.

8.2.1 AMS-02 Acceptance

An acceptance in m2 sr units must be calculated in order to obtain a detection rate, ie.,
number of events detected per second, from a particle flux. The acceptance is obtained from
MC multiplying the detection efficiency Ncut/Ngen by the generated acceptance Agen

A(E) =
Ncut(E)
Ngen(E)

·Agen(E) (8.1)

where Ncut is the number of events after cuts at certain energy and Ngen is the number of
generated events at certain energy. The generated acceptance is Agen = πL2, which results from
generating particles on the top plane of a cube which is concentric and coaxial with AMS-02.
The cube edge length L has a value of 3.9 m to match the 45◦ of field of view of AMS-02 around
the zenith direction [94]. Fig. 8.2 shows the protons and electrons acceptance after preselection
and selection cuts.
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Fig. 8.2: Acceptance for protons (Fig. 8.2(a)) and electrons (Fig. 8.2(b)), using electromagnetic cuts,
the TRD likelihood cut and the matching between energy and momentum, where the cut Charge selects
particles reconstructed with a negative sign of the charge, and the cut Compat establishes compatibility
between the rigidity reconstructed with different combinations of Tracker planes.

8.2.2 AMS-02 Proton Rejection Factor

The cosmic ray proton flux is 103–105 greater than the positron flux (section 1.5, pag. 10).
Therefore, a rejection factor against protons of 104–106 is needed to properly identify positrons,
plus an accurate measurement of the charge sign to reject electrons. The positron signal detection
rate ṅsig, at certain energy, is calculated with the equation

ṅsig(E) = Asig(E) ·φsig(E) · ∆E (8.2)

where A is the acceptance in m2 sr units and φ is the particle flux in (m2 sr GeVs)−1 units. In
the case of protons (background), the reconstructed ECAL energy is lower than the actual value
and the background contribution at certain energy E comes from a cosmic proton spectrum
region with lower flux. Therefore, the number of background events per second is calculated
with the equation

ṅbkg =
∫

E′

Abkg(E′) ·Pbkg

(
E′ → (E,E + ∆E)

)
·φbkg(E′) dE′ (8.3)

where Pbkg(E′ → (E,E+∆E)) is the probability that a proton with energy E′ be reconstructed
with energy within the range (E,E+∆E). Besides, if a corrected acceptance Ãbkg is introduced,
ṅbkg can also be written as

ṅbkg(E) = Ãbkg(E) ·φbkg(E) · ∆E (8.4)

where Ãbkg is

Ãbkg(E) =
∫

E′

Abkg(E′) · Pbkg (E′ → (E,E + ∆E))
∆E

· φbkg(E′)
φbkg(E)

dE′ (8.5)

Finally, the rejection factor is defined as the quotient of the signal acceptance and the
background acceptance
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R(E) =
Asig(E)
Abkg(E)

(8.6)

which from Eq. (8.2) and (8.4) can be rewritten with the corrected acceptance Ãbkg

R̃(E) =
Asig(E)
Ãbkg(E)

=

(

ṅsig(E)
ṅbkg(E)

)

·
(

φbkg(E)
φsig(E)

)

(8.7)

In order to estimate the number of cosmic ray positrons collected by AMS-02 and the
proton background in a period of time from Eq. 8.2 and 8.3, a propagation model [26, 47]
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Fig. 8.3: Protons probability matrix
after electromagnetic cuts.

has been used to evaluate the positron and proton
fluxes at low Earth orbit (Fig. 1.8(a), pag. 12). An
effective transfer function has been introduced as well
to account for the vertical rigidity cut-off (section 1.3.1)
at the ISS orbit, which goes from 5 % at 1 GeV to
100 % at 20 GeV and beyond. Besides, in the case of
protons, a migration matrix has been used to take into
account the lower reconstructed energy in the calorimeter.
This migration matrix, which represents the number of
generated events within a set of energy ranges and the
number of events reconstructed within the same energy
ranges, is normalized to obtain the probability that a
proton generated with energy E′ be reconstructed with
energy within the range (E,E + ∆E). The probabilities
of all the possible reconstructed energies for a certain
generated energy add up 1 (Fig. 8.3).

The Fig. 8.4 shows the number of positrons 1 and background of protons that AMS-02 would
collect in 5 years using the acceptance after selection cuts (ECAL + EPMatch + TRD) obtained
in the previous section. The background of protons represents a fraction of the signal below
10 % up to 400 GeV and the rejection factor is above 105 up to 400 GeV when a reconstructed
positive charge sign is demanded as well as rigidity compatibility between different Tracker
planes combinations. In the case of electrons, the flux of electrons is 4–200 times greater than
the flux of positrons in the energy range 1–1000 GeV. Therefore, the rejection factor due to
charge confusion can be lower than the rejection factor against protons. The charge confusion
holds below 0.1 % up to 400 GeV when a rigidity compatibility between different Tracker planes
combinations is imposed.

1 No primary source of positrons has been introduced in the propagation model.
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Fig. 8.4: Estimation of the number of positrons and protones detected by AMS-02 in 5 years (Fig. 8.4(a)),
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8.3 AMS-02 Cosmic Ray Positrons Signal Estimation

The results from other experiments [39–42] indicate an excess of positrons with respect to
a standard propagation model above 10 GeV (Fig. 1.7(a), pag.11). This increase requires a
new source of primary positrons whose nature has been widely discussed, and goes from nearby
pulsars [43] to dark matter annihilation in the galactic halo [44]. The positron fraction is defined
as follows

e+

e+ + e−
=

Ne+

Ne+ +Ne−

(8.8)

where Ne+,− is the number of electrons and positrons calculated from the detection rate (Eq. 8.2)
during a period of time. Both, electrons and positrons, share the same acceptance plotted in
Fig. 8.2(b). If there is not contamination in the positron and the combined spectrum (e+ + e−)
measurements, the resulting positron fraction is unbiased and does not diverge from the standard
propagation model 2 at any energy (Fig. 8.5(a)). However, there exists a residual background of
protons Bp and electrons Be− in the positron measurement and a background of protons in the
combined spectrum. Therefore, in order to be reproduced with MC, the positrons fraction can
be rewritten as

e+

e+ + e−
=

Ne+ +Bp +Be−

Ne+ +Ne− +Bp +Be− +Be+

(8.9)

where Bp is the number of protons calculated in the previous section after the sequence of cuts
(ECAL + EPMatch + TRD) plus the charge and rigidity compatibility cuts.

The positron fraction is measured up to 400 GeV with a background of protons properly
reduced, and a background of electrons/positrons Be−,+, due to charge confusion, low enough
to do not distort the positron measurement (Fig. 8.5). Besides, when a primary source of

2 No primary source of positrons has been introduced in the propagation model.
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positrons [102] is introduced in the propagation model to reproduce the results obtained by
other experiments, the energy range can be extended beyond 500 GeV (Fig. 8.6).
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Fig. 8.5: Estimation of the positron fraction (green markers) without proton (Fig. 8.5(a)) and with
proton contamination (Fig. 8.5(b)) in the positron measurement. The blue line represents a standard
propagation model which does not include a primary source of positrons. Ratio between the theoretical
positron fraction and the AMS-02 estimation (Fig. 8.5(c)).
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Fig. 8.6: Estimation of the positron fraction (green markers) without proton (Fig. 8.6(a)) and with
proton contamination (Fig. 8.6(b)) in the positron measurement. The dash blue line represents a
standard propagation model which does not include a primary source of positrons and the black line
represents a propagation model which includes a primary source of positrons [102] that reproduce the
results obtained by other experiments. Ratio between the theoretical positron fraction and the AMS-02
estimation (Fig. 8.6(c)).
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Since AMS-02 underwent two test-beams at the CERN facilities in 2010, a lot of work has
been put into the AMS software to have an event reconstruction with calibrated subsystems
and a realistic Monte Carlo simulation. The bulk of the work presented in this document takes
place at the first test-beam epoch and it constitutes the groundwork of the following software
upgrades related mainly with the calorimeter.

The document is focused on the cosmic ray positron measurement, covering all the angles
related with the topic but the physics behind the excess of positrons observed above 10 GeV,
since the first step is to evaluate the capability of the detector to get an unbiased positron signal
measurement due to proton contamination.

Once the theoretical introduction motivates the study of the positron signal and explains the
physics behind the detector, the document deals with the performance of the electromagnetic
calorimeter and the transition radiation detector, both key subsystems in the suppression of the
background of protons, using data from test-beam at fixed energies. A set of electromagnetic
cuts in the case of the calorimeter and a likelihood method in the case of the transition detector
were used to obtain the electron/proton separation performance of both subsystems. The
results demonstrate that the detector upgrade do not interfere in their performance. Besides, a
calorimeter calibration method was developed. Finally, a MC simulation of the flight detector
configuration, which benefits from the latest software updates, was used to extend the results of
the proton suppression to other energies in order to determine and upper limit in the positron
measurement without being compromise by any contamination. A detailed summary of the work
concerning the calorimeter, the transition detector and the positron measurement comes next:

Electromagnetic calorimeter A calibration method was developed using the test-beam data
taken with the AMS-02 superconducting configuration instead of the flight configuration since
there were specific detector arrangements devoted to the ECAL study. Besides, the e/p
separation performance of the calorimeter was not affected by the detector upgrade.

Calibration The calibration method is based on a previous absolute calibration obtained
with minimum ionizing particles (MIP) and a subsequent calibration with electromagnetic
showers. In order to verify the existing channels equalization, a MIPs sample was used to check
the attenuation correction and the high gain signal, since the PMT response to MIPs, which
must be corrected due to the light attenuation in the fibers, is used to equalize the channels in
high gain.

To validate the attenuation correction on MIPs, the corrected ADC counts collected
according to the impact point in the fiber by each channel was fitted to a straight line using
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the ADC distribution mean at each point. The distribution of slopes was centered at 0 and
with a width of 3.8 %, which confirms that the attenuation effects are consistently accounted on
MIPs. However, the ADC distribution presents an inherent uncertainty due to the proximity of
the electronic threshold to the maximum of the distribution. Therefore, the Landau truncated
mean and the Landau most probable value (MPV) of the ADC distribution were used obtaining
similar results.

To check the existing channels’ equalization with MIPs, the ADC distribution of each PMT
channel was fitted to a Landau function. The distribution of the channels’ MPV peaked at 28
ADC counts with a width of 17 % due to an intrinsic spread inside the PMTs. However, the
channels’ ADC counts read-out signal is converted into a measurement of the deposited energy
with a calibration factor. The distribution of the channels’ MPV peaked at 13 MeV with a width
of 3 %, which validates the existing calibration. The great advantage of using MIPs to calibrate
is that the energy deposition is the same in all cells and layers along the particle path. However,
this energy differs by three orders of magnitude with the energy deposited by a electron in
the shower axis and central layers at test-beam energies. Therefore, a subsequent calibration
with electromagnetic showers was used to equalize the energy deposition in the ECAL cells
considering two constraints: the transverse profile of the energy forces to use only cells along
the shower axis, and the longitudinal profile of the energy depositions requires a layer by layer
equalization. This calibration comprised an attenuation check, a cells equalization, an impact
point correction implementation and a rear leak check:

1. The use of electromagnetic showers to check the attenuation correction revealed the
necessity to use an amplification factor for each layer to equalize the energy deposited in
the cells along the fibers since there existed differences up to 40 % in the energy deposited
between the fiber ends of the same cells. The values of these amplification factors indicate
a same fiber behavior at the superlayer level due to different fiber batches.

2. Once the attenuation was corrected, the cells were equalized to the average energy
deposited by the shower axis in each layer. The correction factors obtained at different
angles up to 15 degrees remain stable within 4 % which confirms that the method is not
limited to events with normal incidence.

3. Although the energy deposition was equalized to the same value in each layer, the energy
deposited in each cell has a dependence with the impact point of the particle within
the cell that was corrected with the S1/S3 ratio. This ratio has an energy dependence
that was parametrized with a hyperbolic tangent function, where the left plateau and the
right plateau correspond to the minimum and maximum energy deposition respectively.
The correction function applied was defined with the mean of the S1/S3 distribution
(f(〈S1/S3〉)=1), since this value was stable at least for the energies used in the test-
beam. Once the correction was applied, the variation of the shower energy with S1/S3
was reduced from 5 % to 1 %.

4. The electromagnetic showers at the test-beam energies are no completely contained in the
calorimeter, and the leakage of energy must be estimated. The rear leak correction relies
on the linear dependence of the missing energy due to the longitudinal leakage with the
fraction of energy deposited in the last layer. Another method to estimate the missing
energy is to fit the longitudinal energy profile, whose results are compatible with the last
layer method (14 % of rear leak for 250 GeV electrons).
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Once calibrated, the energy resolution for 180 GeV electrons is below 2 % in both configu-
rations, the superconducting magnet and the flight configuration. However, the comparison of
the test-beam data with simulated Monte Carlo of the superconducting magnet configuration
showed differences in the longitudinal energy profile and the number of hits per layer, which
are behind the discrepancies observed in the electromagnetic quantities used to discriminate
electrons from protons. The differences in the energy profile affects the shower maximum and
the rear leak. The discrepancy in the maximum of the shower is compatible to an earlier de-
velopment of the electromagnetic shower in MC due to an extra amount of material equivalent
to 0.25 radiation lengths. This shift in the shower maximum affects the rear leak estimation
as well, since this estimation depends on the deposited energy in the last layer, i.e., the rear
leak is underestimated. On the other hand, the energy contained in a cylinder 2 cm of radius
around the shower axis came to an agreement when a threshold in the energy of the hit was set
to 39 MeV, which supposes a reduction of 45 % in the number of the shower hits but only 1 % in
the shower energy. Although these differences has no impact in the electron/proton separation,
they must be taken into account in order to get a realistic MC.

Electron/proton separation One of the main goals of the calorimeter is to provide an e/p
separation to reduce the cosmic proton background. The selection of electromagnetic events was
made with a set of cuts based on electromagnetic quantities with an efficiency in 400 GeV protons
close to 1.3 % and an efficiency in 180 GeV electrons above 80 % for both detector configurations.
Therefore, the detector upgrade did not affect the intrinsic performance of the ECAL. Besides,
the addition of the matching between the energy and the reconstructed momentum helped to
increase the proton rejection, reducing the efficiency in 400 GeV protons to 0.067 %. However,
due to the momentum resolution degradation from the magnet swap, the efficiency in protons
differs by a factor 3 between both configurations at the same time that the efficiency in electrons
is reduced to 65 % in the flight configuration at 180 GeV.

There is an open line of work in order to maximize the ECAL e/p rejection using alternative
methods. For instance, the use of multivariate analysis instead of a set of electromagnetic cuts
represents an improvement of a factor of 3 in the proton efficiency at 100 GV and 90 % electron
efficiency using real-flight data.

Transition radiation detector The existing TRD calibration was validated in order to obtain
the e/p separation performance with both configurations. The result was that the replacement
of the superconducting magnet by the permanent magnet and the re-arrangement of the Tracker
planes did not affect the TRD e/p separation.

Calibration The existing calibration was validated inspecting the tubes deposited energy,
since the amount of deposited energy in the tubes provides the signature to perform the e/p
separation. Besides, a TRD track is reconstructed with clusters that emerge from the interaction
of the incident particle along the 20 layers. The number of used clusters for electrons and protons
is 19 in both configurations, which was slightly above the simulated MC.

The energy distribution can be a pure ionization spectrum or the mixture of two
contributions: ionization and transition radiation, where the amount of transition radiation
detected increases with the Lorentz-factor γ of the primary particle. The ionization distribution
was fitted to a convoluted Landau and Gaussian function in the range [0.5,6] keV. The individual
tubes have a mean MPV of 1.8 keV for 250 GeV electrons and the MPV obtained for each
layer remains stable within 3 % for both configurations, which validates the tubes equalization.
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Besides, the ionization MPV has a dependence with the Lorentz-factor γ as expected from the
Bethe-Block formula. On the other hand, the transition distribution was obtained subtracting
an ionization pattern to the actual deposited energy, once the ionization distribution was scaled
according with its MPV dependence with γ. The resulting transition distribution has a MPV
of 11 keV on both configurations and the transition emission probability is 42 % at γ ≫.

Electron/proton separation The transition radiation detector provides an additional e/p
separation that contributes to reduce the proton background. The TRD e/p separation
performance was obtained with two different methods. On one hand, the cluster counting
method, which is a straightforward method since a cut in the number of clusters per event with
energy above a threshold separates particles with different Lorentz-factor γ. On the other hand,
the likelihood method, which requires as input two probability density functions (p.d.f.) in order
to test two hypothesis and it offers the best results. The efficiency obtained for 400 GeV protons
was 2 % for both configurations at 90 % electron efficiency.

AMS-02 capabilities for cosmic ray positron measurements To properly identify positrons, a
rejection factor of 104–106 is needed to suppress the vast background of protons plus an accurate
measurement of the charge sign to reject electrons. A MC simulation of the flight detector
configuration, which benefits from the latest software updates, was used to extend the results of
the proton suppression to other energies in order to determine and upper limit in the positron
measurement without being compromise by any contamination.

It has been established along the document, that the detector upgrade did not interfere with
the ECAL and TRD intrinsic capabilities to suppress the proton background. However, the
addition of the energy and momentum matching implies a factor 3 of difference in the efficiency
for 400 GeV protons between both configurations due to the degradation in the momentum
resolution. Although it can be overcome using alternative methods to improve the ECAL e/p
separation performance instead of cuts in electromagnetic quantities.

The rejection factor against protons obtained with cuts in electromagnetic quantities in the
calorimeter, the likelihood method in the TRD and the matching between the energy and the
momentum is above 105 up to 400 GeV when a reconstructed positive charge sign is demanded
as well as rigidity compatibility between different Tracker planes combinations, which represents
a residual background of protons below 10 % up to 400 GeV. In the case of electrons, the charge
confusion holds below 0.1 % up to 400 GeV when a rigidity compatibility between different
Tracker planes combinations is imposed. With this level of contamination in the positron
measurement, the positron fraction is measured up to 400 GeV with a background of protons
properly reduced, and a background of electrons due to charge confusion, low enough to do not
distort the positron measurement. Besides, when a primary source of positrons is introduced
in the propagation model to reproduce the results obtained by other experiments, the energy
range can be extended beyond 500 GeV.
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Glossary

A

active galactic nuclei Galaxies with a central core that produces more radiation than the
entire rest of the galaxy, p. 6.

axisymmetric spiral model In a galactocentric cylindrical coordinates (r, θ, z), the large-scale
magnetic field radial (Br = 0) and azimuthal (Bθ) components are both independent of θ and
vary only with r (Br = Br(r), Bθ = Bθ(r)) [6], p. 4.

B

bisymmetric spiral model In a galactocentric cylindrical coordinates (r, θ, z), the large-scale
magnetic field radial (Br = 0) and azimuthal (Bθ) components have a simple sinusoidal
dependence on θ (Br = br sin(θ − φ(r)), Bθ = bθ sin(θ − φ(r))) [6], p. 4.

C

clarity Parameter related with the Rayleigh scattering length (L = λ4/C). It gives an
estimation of Rayleigh scattering in a material sample, p. 16.

coronal mass ejection Huge bubbles of gas threaded with magnetic field lines that are ejected
from the Sun over the course of several hours, p. 5.

critical energy The energy at which the energy loss of electrons by bremsstrahlung is equal to
the energy loss by ionization, p. 17.

F

Faraday rotation The plane of polarization of an electromagnetic wave is rotated under the
influence of a magnetic field parallel to the direction of propagation [103], p. 4.

flares Short duration outburst from stars in various spectral ranges [15], p. 3.

G

gamma ray burst Short-lived bursts of gamma-ray photons associated to supernova explosions,
p. 6.
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GEANT A toolkit for the simulation of the passage of particles through matter. Its areas of
application include high energy, nuclear and accelerator physics, as well as studies in medical
and space science [92], p. 37.

I

interaction length Characteristic collision length for strongly interacting particles in matter
[15], p. 9.

M

Moliere radius Transverse distance that a particle at the critical energy goes in traversing the
last radiation length before it dies off [60], p. 19.

N

neutron star Star of extremely high density consisting predominantly of neutrons. Neutron
stars are remmants of supernova explosions where the gravitational pressure in the remmant
star is so large that the electrons and protons are merged to neutrons and neutrinos. Neutron
stars have a diameter of typically 20 km [15], p. 118.

P

planetary nebula A shell of expanding ionized gas ejected from certain types of stars at the
end of their lifes, p. 3.

plasma frequencies The maximum frequency of internal oscillation of a plasma. The plasma
energy can be written as

ωp =
√

4πNer3
e

mec
2

α

where Ne is electron density and re the classical electron radius, p. 16.

pulsars Rotating neutron star with characteristic pulsed emission in different spectral ranges
(radio, optical, X-ray, gamma-ray) [15], p. 11.

R

radiation length Characteristic attenuation lenght for high-energy electrons anf gamma rays.
It is both: (a) the mean distance over which a high-energy electron loses all but 1/e of its energy
by bremsstrahlung, and (b) 7/9 of the mean free path for pair production by a high-energy
photon. [55], p. 9.

Rayleigh scattering Elastic scattering of electromagnetic radiation by particles much smaller
than the wavelength of the radiation. It has a wavelength dependence (λ−4), i.e., shorter
wavelengths are scattered stronger than longer wavelengths, p. 15.

ring model In a galactocentric cylindrical coordinates (r, θ, z), the large-scale magnetic field
radial component vanishes (Br = 0) and the azimuthal component (Bθ) is independent of θ but
it can vary with r (Bθ = Bθ(r)) [6], p. 4.
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ROOT An object-oriented framework with all the functionality needed to handle and analyse
large amounts of data in a very efficient way [93], p. 37.

S

silica aerogel Aerogels consists of grains of amorphous SiO2 forming a porous structure with
bubbles of air. Silica aerogels can be produced with densities between 0.1 g/cm3 and 0.6 g/cm3

[54], p. 15.

solar corona Outer layer of the Sun’s atmosphere., p. 9.

sunspots A disturbance of the solar surface which appears as a relatively dark center
surrounded by less dark area. Sunspots appear dark because part of the thermal energy is
transformed into magnetic field energy [15], p. 5.

supernova Star explosion initiated by a gravitational collapse, if a star has exhausted its
hydrogen and helium supply and collapses under its own gravity [15], p. 5.

synchrotron Electromagnetic radiation emitted by an accelerated charged particle in a
magnetic field [15], p. 4.

T

termination shock Heliosphere region where the solar wind slows abruptly and becomes denser
and hotter, p. 5.

Z

Zeeman splitting Splitting of the spectral lines emitted by atoms into several components in
the presence of a magnetic field, p. 4.
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