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Abstract

Recent observations of proton and helium in galactic cosmic rays (CRs) have revealed
intriguing spectral features that motivate further direct measurements extending up to the
multi-TeV energy region. Specifically, a first deviation (hardening) from the single power
law describing the galactic CR spectrum has been found at hundreds of GeV, interpreted as
a change in the diffusion coefficient. A second structure manifested by a spectral softening
has been recently detected at tens of TeV although its origin remains unclear. Consequently,
more measurements are needed in order to clarify the nature of such features.

Current-generation space-based detectors are well-suited for performing the aforemen-
tioned measurements. Specifically, DAMPE (DArk Matter Particle Explorer) was designed
to study galactic cosmic rays up to hundreds of TeV (among its various scientific objectives)
with extremely good energy resolution and excellent particle identification capabilities.

This thesis focuses on the spectral measurement of proton+helium in the energy range
of 46 GeV to 316 TeV with the DAMPE detector. Combining proton and helium leads to
increased statistics while maintaining an exceptional sample purity, as opposed to single
proton or helium spectral measurements which are affected by cross-contamination and
larger uncertainties at high energies (above 100 TeV). Moreover, the proton-+helium mea-
surement is also performed by ground-based experiments, although with large systematic
uncertainties concerning the mass composition. Consequently, a direct measurement of the
aforementioned spectrum from space, will provide a bridge between experimental results
obtained with diverse techniques.

As a result of this work, a hardening feature at ~600 GeV has been observed in the
p+He spectrum, confirming previous direct observations. Then, at ~26 TeV, a spectral
softening has been found with an unprecedented significance of 6.7c. This observation
provides a valuable cross-check for the individual proton and helium analyses with increased
statistics, while minimizing possible contamination effects. Finally, by measuring the energy
spectrum up to 316 TeV, a strong link is established between space- and ground-based

experiments.
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Introduction

Throughout history, human beings always gazed at the night sky trying to give
meaning to the small lights adorning the dark above us. The resulting interpretations
have progressed from magical, religious, and philosophical reflections, to scientific
explanations of celestial objects as other planets, burning stars, or complex, catas-
trophic events occurring hundreds of light-years distant from our planet. What we
can easily perceive with our senses is the light that they emit or reflect but our
innate curiosity could not be satisfied and we developed instruments to improve
our vision and detectors to see the previously invisible. Despite our efforts, we have
yet to explore the vast majority of our universe, and it is uncertain whether such
exploration is even possible. Remarkably, what we can’t reach, is coming to us.
Every second numerous messengers are traveling across the cosmos, carrying pre-
cious information on the extreme phenomena taking place in unreachable corners of
the universe. These messengers are manifested in the form of elementary particles,
nuclei, and gravitational waves, which we are capable of detecting through the use
of sophisticated instruments developed throughout the recent decades. The focus of
this thesis is on messengers called cosmic rays, which have captured the attention
of scientists over the last century.

Cosmic rays (CRs) are particles and nuclei accelerated in extreme regions of the
universe. These particles can either originate inside our galaxy (GCRs) or outside
of it, and they carry information about the astrophysical particle accelerators where
they were generated and the interstellar medium through which they travel. Cosmic
rays consist of various nuclear species and they cover the vast energy range up to
10%° eV, beyond the limits explored with human-made particle accelerators.

The CR energy spectrum deviates from the simple power law expected for accel-
erated particles and displays various unclear features, including the knee, a signifi-

cant steepening of the spectrum at 3 x 10'® eV. Different hypotheses have been raised
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to explain this feature, including the maximum energy attainable by galactic accel-
erators, but they have not been confirmed yet. It is thus essential to study the knee
region to confirm or eliminate possible explanations. Last-generation ground-based
experiments suggested a transition from light to heavy CRs showing a steepening
of the light-element spectra, at energy ~ 700 TeV. This value is below the result
obtained by most of the previous measurements, at ~ 3 PeV (i.e. at the all-particle
knee). Further studies are thus necessary, as indirect measurements suffer from sig-
nificant uncertainties, particularly regarding the mass composition. On the other
hand, direct measurements are able to discriminate different nuclei with small un-
certainties and they could clarify the dominating mass group in the knee region, but
the exploration of this high-energy area is difficult to perform from space. Combining
the light elements spectra (i.e. measuring the proton-+helium spectrum), ground and
space-based experiments can bridge their results and clarify possible scenarios. Light
elements are indeed the most abundant GCR species, and their combination results
in a significant increase in statistics. In addition, light GCRs can be a useful tool
for studying the anisotropy of the CR distribution, since their trajectories are less
affected by the Galactic magnetic field compared to heavier CRs.

Below ~ 3 x10% eV (the knee energy), shock acceleration mechanisms predict
a single power-law energy spectrum for GCRs, resulting in an E~2¢ - E727 energy
spectrum detected on Earth [1]. Nevertheless, several experiments have reported un-
expected spectral features in protons, helium, and heavier nuclei in recent years [2—
17]. The spectrum of GCRs becomes harder around several hundreds of GeV but
softens again above 10 TeV [3, 9, 18|, deviating from the expected single power
law. These deviations inspire a need for a deeper understanding of CR accelera-
tion and propagation mechanisms. While space-borne magnetic spectrometers such
as PAMELA and AMS offer precise measurements of various CR species, they can
only reach rigidities up to a few TV [11-17]. Previous generation space and balloon-
borne experiments (e.g., CREAM, NUCLEON, ATIC [5-7]) have directly measured
higher-energy cosmic rays, but their data suffer from significant statistical and in-
strumental uncertainties. In this context, additional precise direct measurements
from new-generation instruments were needed, especially in the high-energy region
of the GCR spectrum, where the picture is still unclear.

DAMPE (the DArk Matter Particle Explorer), is a calorimetric space-borne de-

tector designed to search for signs of dark matter and observe cosmic rays. It is

IT
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operational since December 2015 and can detect e™- et and y-rays up to ~ 10 TeV,
while reaching hundreds of TeV for protons and ions. The instrument is composed
of four sub-detectors, including a plastic scintillator detector to distinguish between
electrons and v-rays and to measure the absolute charge of impinging particles, a
silicon-tungsten tracker-converter for reconstructing the direction of charged parti-
cles and converting photons in electron-positron pairs, a bismuth germanium oxide
imaging calorimeter for measuring the energy of particles and distinguishing be-
tween hadronic and electromagnetic showers, and a neutron detector for collecting
neutrons from hadronic showers further refining the event identification. DAMPE
has a large acceptance, a deep calorimeter, and good energy resolution (~1.5% for
electrons and ~30% for protons), making it suitable for measuring cosmic rays up
to a few hundred TeV [19].

In this thesis, the energy spectrum for p-+He up to ~ 300 TeV is measured,
using six years of data collected by the DAMPE satellite. By selecting a combined
sample of protons and helium nuclei, the event selection criteria can be relaxed
(with respect to the case of p alone or He alone) while keeping a low contamination,
resulting in higher statistics and extending the energy range up to ~ 300 TeV with
remarkably good precision. This measurement is a valuable cross-check for the single
proton and helium analyses, allowing measuring the softening structure at tens of
TeV with unprecedentedly high significance, while also providing for the first time a
bridge between space-based and ground-based results with small uncertainties. The
results obtained with this work have been submitted for publication and can be

found at [20].

As part of the efforts to explore the PeV energy region of the CR spectrum, in the
framework of my Ph.D. project, I worked also on the HERD experiment [21|, which
aims to develop a space-based instrument for this purpose. Specifically, I focused on
the simulation of the light production and propagation inside the plastic scintillator
detector (PSD) bars using the GEANT-4 software. In the simulations, I tested var-
ious dimensions, scintillator materials, and wrapping materials for the PSD, as well
as different positioning and sizes for the read-out sensors (Silicon Photomultipliers,
SiPMs). T also simulated the response of the scintillator coupled with SiPMs to
various particles, including cosmic muons, radioactive sources and particles from

accelerated beams, and evaluated the hermeticity of the full HERD PSD. In addi-

I1I
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tion, I contributed to laboratory measurements on the PSD, the assembly of the full
HERD PSD prototype, and the test beam at CERN SPS, which provided valuable
insights into the performance of the HERD experiment. These activities are not re-
ported in this thesis, focusing here on the p+He spectral measurement with DAMPE
data, which was the main project of my Ph.D. The HERD work resulted in several
contributions to papers, as well as presentations in conferences and collaboration

meetings, as reported in Appendix D.

The work on the p+He measurement will be presented in four chapters and

appendices briefly summarized here below.

e In the first chapter CR physics will be briefly introduced. The starting point
will be a historical overview, followed by the theories formulated to explain
sources and acceleration mechanisms of CRs in our galaxy, continuing with
the expected and measured energy spectrum and CR composition, revealing
the stellar origin of CRs and suggesting their diffusive propagation in the
interstellar medium. Afterwards, the CR detection techniques will be briefly
portrayed, characterizing direct and indirect measurements, and addressing the
strength and weaknesses of the two approaches. Finally, a report of the main
results regarding the study of the light CR component, namely proton and
helium, will be given, presenting the most recent unexpected features detected
in the two spectra. The final part of the chapter will review the results of
the combined p+He energy spectrum measured by both ground- and space-
based experiments and will follow up with a concluding section explaining the
motivations behind the combined light component (p+He) study made in this

thesis.

e This work is based on the measurement made using the DAMPE detector,
therefore a description of the experiment will be given in the second chapter.
This part will open with a list of the main scientific goals, followed by a
characterization of the full DAMPE instrument, going to the specifics of each
sub-detector. Afterwards, the method employed for the data acquisition and
the trigger logic will be introduced, continuing with the presentation of the

software used for data processing and MC simulations. The second chapter

IV
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ends with a review of the main results achieved by the DAMPE experiment

regarding its primary scientific objectives.

The third chapter will focus on the selection of proton-+helium nuclei, using
the data detected with the DAMPE satellite. Specifically, it will begin with
a description of the sample used in the analysis including real events and a
list of MC simulations. The selection procedure will be thoroughly described,
from the classification of good-quality CR events up to the identification of
p+He candidates. The efficiency of the applied selection cuts will be evaluated
resulting in the effective acceptance, presented in this chapter as well. Finally,
the contribution from possible backgrounds entering the selected p+He data

sample will be evaluated.

With the events of interest being defined in the third chapter, the fourth
chapter is dedicated to what concerns the p+He energy spectrum. The starting
point will be the energy measurement method, discussing identified problems
and valid solutions, leading to the reconstruction of the primary particle energy
and the measurement of the p+He energy spectrum. A detailed discussion
of the statistical and systematic uncertainties will follow, characterizing all
the possible contributions and including them in the final result. The closing
part of this work will see the result on the p+He energy spectrum, including
the statistical and systematic uncertainties, the study of its most distinctive
feature through a fit and a cross-check with other DAMPE measurements on
the proton and helium spectra. Finally, a comparison with other direct and

indirect p+He experimental results will be presented and analyzed.

Appendices will follow. Two of them include a series of figures intended to
clarify and better understand some steps of the analysis. The other one de-
scribes a method used in the energy reconstruction procedure, fundamental
to reach the high energy of 300 TeV with the DAMPE detector. Finally, my
Ph.D. activities will be reported in the last appendix.



Chapter 1

Cosmic Rays and measurements of

light nucleil

From their discovery more than 100 years ago until today, cosmic rays revealed
unexpected properties of the smallest and the biggest components of our universe,
guiding the way toward understanding fundamental particle physics and astrophysics
phenomena. Regardless of the numerous breakthroughs in CR physics resulting from
constant advancement in measurement precision, many peculiarities of these parti-
cles and nuclei are still unclear. Recent results demonstrated that the more we ad-
vance our knowledge of CRs, the more they can amaze us, opening new challenges
while providing answers. It is thus fundamental to keep exploring the experimental

and theoretical side of the CR endeavor.

This chapter will be starting with the historical facts from the discovery of CRs
up to the first ground-based detector arrays and space-borne instruments, continuing
with a description of candidate sources, acceleration and propagation theories, along
with a discussion on the CR composition, the energy spectrum and its features. An
explanation of detection techniques will follow, before concluding with the study
of the light CR component (proton, helium and p+He), reporting the most recent
results and the motivations behind the p+He study.

1.1 Historical overview

The history of Cosmic Rays (CRs) starts at the beginning of the 20th century,

a few years after the discovery of radioactivity. The initial hint of their presence
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was provided by measurements of ionizing radiation made with electroscopes, which
were discharged for unknown reasons. In the beginning, the aforesaid phenomenon
was attributed to the presence of radon in the air, which was a well-known natu-
ral source of y-rays. The confutation of this hypothesis was presented in 1912 by
Victor Hess who measured the ionizing radiation up to more than 5 km altitude
during his balloon flights. Using an electroscope, he demonstrated that the ioniza-
tion rate increases with increasing altitude, suggesting an extraterrestrial origin of
the observed radiation [22]. Similar evidence had been found the year before by
Domenico Pacini, who measured a decreasing radiation rate while going deeper un-
derwater |23]. However, his results didn’t have great resonance and the discovery of
CRs was attributed to Victor Hess, with the subsequent win of the Nobel Prize in
1936 (after Pacini’s death). The term “cosmic rays” was given by Robert Millikan
who believed CRs were 7-rays of cosmic origin and can be dated back to these days.
In the following years, more balloon flights were performed up to 16 km altitudes
highlighting a drop in the ionization rate when surpassing a certain elevation, which
led to the identification of the previously detected radiation as constituted by sec-
ondary particles, generated by primary CRs interacting in the Earth’s atmosphere.
Later on, Blackett and Occhialini collected pictures of particles interacting in cloud
chambers revealing the charged nature of the cosmic radiation by evaluating their
deflection in a magnetic field [24]. Thereupon, the matter-antimatter theory of Dirac
was also confirmed with the first observation of a positron in a cloud chamber made
by Anderson in 1932 [25], who consequently obtained the Nobel Prize, shared with
Hess, in 1936. More physicists fascinated by the newly discovered particles carried
out experiments aiming at further investigation and comprehension of cosmic ra-
diation. Among these, Bruno Rossi discovered that CRs are mostly constituted by
positively charged particles through the investigation of their deflection in the geo-
magnetic field [26]. Additionally, he found out that primary CRs generate showers in
the atmosphere by putting in coincidence detectors covering large areas. Afterwards,
Pierre Auger performed more detailed studies on extensive air showers (EAS) using
detector arrays [27].

In the meantime, also the theoretical perspectives of CR research were flourish-
ing, attracting the interest of many physicists of the period (more details will be
given in the next section).

Besides investigating cosmic radiation from the ground, scientists wanted to go
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beyond their limits by exploring the universe from a different perspective: in the
political climate of the Cold War, the first artificial satellite, Sputnik (which is the
Russian term for satellite), was sent to space by the Soviet Union on the 4th of
October 1957, opening the era of space exploration. One month later, on the 3rd
of November 1957, the Sputnik II was sent to space, with on board the dog Laika,
the first living being in space, also carrying scientific instruments to measure UV,
X-rays, and cosmic rays (Geiger tube). The first space-based CR, observations were
then made and a new age of space exploration (which is nowadays still far from its
limit) began.

The floor was open for conceiving and realizing new experiments both ground-
and space-based, along with visualizing and formulating specific models aiming to

clarify the nature of cosmic particles.

1.2 Candidate sources and acceleration mechanisms

In 1934 the theory of CRs generated and accelerated in Supernova (SN) explo-
sions was proposed for the first time [28]. The theory was based on the following
assumptions: the rate of SN explosions in the Galaxy is 1 over ~ 100 years and the
energy released is of ~ 10! erg per SN event. Given the estimated CR energy den-
sity of ~ 3 x 10%° erg s71, it could be efficiently produced by a SN explosion simply
assuming that 10% of the energy released would provide accelerated particles [29].
This idea was quantitatively formulated by Fermi in 1949-54 [30, 31] (the so-called
274 order Fermi mechanism) and later framed independently in 1977-78 by several

scientists [32-35] (called 1°* order Fermi mechanism).

Second order acceleration mechanism

The idea formulated by Fermi is based on the consideration that energetic parti-
cles could encounter magnetized moving clouds and change their direction of motion
by scattering on the irregularities of the magnetic field, as shown in Fig. 1.1. The
resulting particles’ energy will be larger or smaller after every scattering depending
on the dynamics of the collision (head-on or tail-on). On average, head-on collisions
are more probable than the tail-on, causing a gain in energy after many particle-
cloud interactions. The average energy gain will be ~ (AE/E) = (4/3)(V/c)?, where
V represents the clouds’ velocity and c the speed of light. The velocity of the clouds
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is in general much smaller than the speed of light, meaning that the resulting accel-

eration in this formulation is very slow.

Figure 1.1: Representation of acceleration in magnetized moving clouds. A particle
with initial energy F4 enters a magnetized cloud, undergoes multiple scatterings on
the magnetic field irregularities inside the moving (with velocity V') cloud and
exits with energy F>>F;. Picture taken from [36].

First order acceleration mechanism

When a SN explosion is considered, the shock front with magnetic inhomo-
geneities on both sides represents what was a magnetic cloud in the previous formu-
lation of the theory. The particles will gain energy in an analogous way, by crossing
the shock front, as illustrated in Fig. 1.2. However, the velocity of the magnetic ir-
regularities will be negligible with respect to the velocity of the fluid both upstream
and downstream (the two sides of the shock). If the reference frame of the shock
is considered, a particle moving from downstream to upstream or in the opposite
direction will always see the fluid on the other side of the shock moving slower.
Consequently, the particle crossing the shock will always undergo head-on collisions
with the fluid on the opposite side of the shock. The gain of energy, in this case, is
much faster than in the previous case and it is (AE/E) « (Vg /c), with Vg indi-
cating the shock velocity. The energy gain is now linear with energy, and for this
reason, this acceleration mechanism has been labeled as “Fermi I”, in opposition to

the previous one, where the energy gain is of the second order in V/c, called “Fermi

IT".
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E>
E
= 1 - - -
—U4 € < V= —U4+Us
upstream downstream

Figure 1.2: Representation of acceleration at the shock front. The shock moves
with velocity uy, while the fluid downstream has a velocity V' = uy — u;. The
particles cross the shock with initial energy F; and final energy Ey>FE;. Picture
taken from [36].

Expected cosmic ray energy spectrum

The acceleration mechanisms previously described imply a power law energy
spectrum with a single slope for cosmic particles. Specifically, the number of particles
N with a given momentum p experiencing the shock acceleration process can be
expressed as

N(p) cp™ ™, (1.1)

with

Y = 3Rr/(Ry — 1), (1.2)
where Ry = wuj/usy is the compression ratio of the shock, with u; and wuy repre-
senting respectively the fluid velocities upstream and downstream of the shock. The

compression factor can also be expressed, using the Rankine-Hugoniot relations, as:

402
34+ M2’

s

Ry = (1.3)
where M is the shock Mach number, My = u; /¢, with ¢y &~ 104/T4 km/s sound
speed in the Interstellar Medium (ISM) with temperature in units of 10* K. If a
strong shock (M, > 1) is considered, this would imply Ry =~ 4 and therefore v, =

4. To obtain the slope in energy ., starting from the obtained slope in momentum
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7y, the following formula can be used for relativistic particles (£ > mc?):

E7dE o 4mp*p~ " dp. (1.4)

The outcome is what is expected for cosmic rays up to ~ PeV energies, i.e. v, = 2,
considering that propagation effects (see later) will give an additional contribution

of ~ 0.7 to the spectral index.

Beyond the standard SN paradigm

Following the assumptions described above, the maximum achievable energy for
CRs accelerated from SN explosions is of F,,., < 1 GeV, which is definitely not
sufficient to account for the observations. It follows that some other process should
be considered. Recent observations proved that the magnetic field near the shock
is amplified by a factor ~ 10-100, which makes the acceleration possible up to
~ 100 TeV-1 PeV energies. Additionally, assuming that SNRs are the main sources
of galactic CRs, ~ 10% of the blast wave kinetic energy should go into accelerated
particles which requires the formulation of new theories that are able to give a better
description of the observations. Consequently, the so-called Non-Linear Diffusive
Shock Acceleration (NLDSA) with Magnetic Field Amplification (MFA) theory has
been proposed and developed. More information on this topic can be found in [1]
and references therein.

In this context, experimental measurements are crucial to determine the maxi-
mum energy reachable by cosmic accelerators (for different nuclear species) eventu-

ally confirming the predictions and shedding light on cosmic ray properties.

1.3 Propagation in the Galaxy and composition

Another fundamental question on the nature of cosmic radiation is what are
CRs made of. Direct measurements made with space-borne instruments allow for
the separation of different galactic cosmic ray (GCR) nuclear species. An example is
given in Fig. 1.3, where the measured GCR composition is compared with the solar
system one, providing a clear indication of the stellar origin of cosmic particles,
considering the similarity in the element’s abundance. However, it can be noticed

that some elements are more numerous in GCRs than in the solar system (e.g. Li,
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Be, B, Mn, V, Sc, ...): they are identified as secondary CRs, produced from primary
CRs (e.g. C, O, Fe, ...) through the fragmentation or spallation processes.

10" 3
10°4
10° 1
10* 4
10° 4
10° 1
10'y
10°
1075
1074
1075

4 3
10 LU NN L LA R R [N AL S NNL L AL L L R
0 5 10 15 20 25 30

Atomic Number (Z2)

—o— Solar System

Relative Abundances

Figure 1.3: Galactic cosmic ray and solar system material abundances, normalized
to Silicon (Si=10%), at 1 GeV/n 1.

The observed primary-to-secondary ratios (such as B/C), demonstrate that
GCRs propagate in a diffusive way. If the propagation was ballistic, CRs would
escape from the Galaxy in a shorter time than the one needed to justify the obser-
vations. From the experimental results, it’s also evident that the traversed grammage
decreases with increasing energy, which implies also less time spent in the Galaxy
for highly energetic particles. To conclude, measuring secondary-to-primary ratios
provides an indication of the way CRs propagate and also of the grammage they

traverse before leaving the Galaxy.

1.4 The energy spectrum and its features

Cosmic rays’ precise measurements provided crucial information about the na-
ture of these particles. The main result is represented by the measurement of the
cosmic ray spectrum (in Fig. 1.4), which covers an energy range extending from a
few GeV to ~ 100 EeV. In the low-energy part, the spectral shape is characteristic

of thermal emission and it is attributed to the influence of the Sun. From tens of

"https://izwl.caltech.edu/ACE/ACENews/ACENews83.html
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Figure 1.4: Cosmic ray energy spectrum [37].

GeV onward, the power-law shape indicates the presence of an acceleration process,
meaning that these particles are produced and accelerated in astrophysical objects
(such as SN) either inside or outside our galaxy. The power-law part of the spec-
trum is characterized by two distinctive features: the so-called knee at ~ 3 PeV,
where there is a change of spectral index from ~ -2.7 to ~ -3.1 and the ankle at
~ 5 EeV where the spectrum becomes harder and then softer again (see Fig. 1.4).
The power-law energy spectrum illustrates a particle’s abundance that is decreasing
with increasing energy. Consequently, at low energies (up to ~ hundreds of TeV)
it is possible to have good-quality measurements using relatively small detectors
(order of m?) while in the high energy region, in order to have significant results,
big detectors (or detectors’ arrays) covering large surfaces (~ km? and more) are
needed. Such a diverse flux implies that at low energy it is possible to have more
precise measurements and to separate different particles by measuring them directly
in space, while from the sub-knee region onwards, the experiments are located at
ground and CRs are measured after their interaction with the Earth’s atmosphere,

making their energy reconstruction and particle’s identification more difficult.
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1.5 Detection techniques

In the low energy part of the spectrum (up to tens of TeV), CRs are measured
directly by means of space-based instruments or high-altitude long-flying balloons.
As the energy increases, the CR flux becomes lower, making the direct measure-
ments hard or even impossible (considering current technologies). It follows that
extended arrays of CR detectors are used to perform indirect measurements from
ground. These experiments observe extensive air showers (EAS) developing in the
atmosphere to infer the properties of the primary particles, using different tech-
niques. Several experiments were operated over the years in order to investigate
and clarify different aspects of cosmic ray physics. Direct measurements have the
advantage of measuring the primary particles before they interact with the Earth’s
atmosphere but are limited by their small exposure due to payload dimensions and
weight constraints. On the other hand, indirect measurements can be performed
on large areas, allowing to measure CRs up to the highest energy (where the flux
is very low), but they cannot achieve the same precision as direct measurements
in determining the spectra of individual nuclei. Furthermore, detecting EAS means
relying on simulations that, in most cases, are not yet verified in the energy range
and kinematic region of interest. Specifically, man-made accelerators are not able
to reach the energy of the highest CRs, and the interactions and cross-sections of
various nuclei (even at lower energies) haven’t been investigated with good precision
and in the very forward direction. Thus, the hadronic interaction models used to
describe the particle’s interactions and the EAS development in the atmosphere,
sometimes differ in their predictions leading to large uncertainties in the determi-
nation of the CR spectra. In the following sections, some experiments relevant to
the work presented in this thesis will be introduced separating direct and indirect

measurements.

1.5.1 Direct measurements

Previous generation direct CR detectors provided information on the spectra of
different nuclei up to tens of TeV. This energy limit was overcome by current gen-
eration experiments (e.g. DAMPE, described in the next chapter) which are able to
achieve hundreds of TeV energy. Looking at the future, direct CR detectors could
reach PeV energies, thus approaching the knee region (e.g. HERD |21, 38]). They
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are divided into spectrometers, measuring the particle’s rigidity, and calorimetric
experiments, measuring the kinetic energy of incoming particles. The advantage of
spectrometers is the better accuracy in the low rigidity range but, since these instru-
ments are limited by the maximum detectable rigidity, they can reach only up to a
few TeV energy per nucleon, considering current technologies. On the other hand,
calorimetric experiments are able to measure CRs up to tens of TeV but their results
are affected by the uncertainties coming from the hadronic interaction model used
in the shower reconstruction. In the next section, some direct-detection experiments
will be briefly described and their results on the light component (p+He) energy

spectrum will be reported.

1.5.2 Indirect measurements

Indirect measurements are usually performed by combining different experimen-
tal techniques (summarized in Fig. 1.5) in order to get more information on the
shower generated in the Earth’s atmosphere. Ground-based experiments also try to
estimate the CR composition by using one or more characteristics of the EAS, such
as the number of muons or the longitudinal development of the shower and oth-
ers. These results are affected by the poor mass resolution and large uncertainties
mainly coming from the chosen interaction models. Nonetheless, several experiments
reported results on the spectra of different CR mass groups including the combined
light component (p+He). These experiments and their results on p+He will be pre-

sented in the next section.

1.6 Study of the light CR component

The most abundant component of CRs is represented by proton and helium
nuclei (as shown in section 1.3). It follows that the study of these nuclei could aid
in answering open questions on the CR nature. Recent results on the proton and
helium spectra will be shown in this section, along with the status of the combined
proton and helium spectral measurements and a description of the experiments that
provided the p+He results. Finally, the motivations for studying proton and helium
together will be illustrated.

10
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Figure 1.5: Several experimental techniques used on the ground for the study of
extensive air showers [39)].

1.6.1 Results on proton and helium spectra

In recent years, precise measurements made by space-based experiments showed
interesting results on the proton and helium spectra. In particular, the deviation
from the single power-law energy spectrum above tens of GeV is now confirmed.
First, a hardening structure at ~ hundreds of GeV has been found and confirmed by
several experiments in both the proton and helium spectra [2-6, 9-17, 40]. Second,
a softening feature was recently detected by the DAMPE experiment in the pro-
ton spectrum at ~ 14 TeV [3] later confirmed by the CALET collaboration [18].
Moreover, a similar softening structure has also been found in the DAMPE helium
spectrum, at ~ 34 TeV [9]. The novel results on the softening opened new chal-
lenges in understanding the CR nature, guided by the recent DAMPE p and He
spectra (shown in Fig. 1.6 and 1.7, compared with other direct measurements made
by space-based experiments), proposing a possible rigidity-dependent feature, even
though this is not yet a definitive answer considering the statistical and system-
atic uncertainties associated to the measurement. In the next chapter, the DAMPE
experiment will be described and additional details on the achieved results will be

llustrated.

11
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chosen hadronic interaction models (which are the dominant ones) [3].
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1.6.2 The p+He spectrum: previous results

Proton and helium can be reasonably separated using direct-detection tech-
niques, with a high energy limit of tens of TeV because of experimental limitations
and low statistics. These limitations can be (partially) overcome by combining the
two nuclei in a single spectrum (p+He). Indeed, selecting the two nuclei together
means an increase in statistics and lack of cross-contamination which affects the
single proton and helium spectra, thus allowing the extension to higher energy by
space-based instruments. Moreover, if proton and helium are combined, ground-
based experiments are less affected by limitations given by models and simulations
making them able to provide their combined spectral measurement, thus separating
light from medium- or high-mass nuclei. The p+He spectrum measured with several
detectors (briefly described below) is presented in Fig. 1.10 and 1.11. As can be
seen, direct and indirect CR detection could overlap in the energy region from tens
of TeV to hundreds of TeV, which needs to be better explored with more precise

measurements.

ATIC

ATIC was a balloon experiment that aimed at measuring CRs with charge Z
between 1 and 28 in the energy range from tens of GeV to ~ 100 TeV. ATIC was
instrumented with a silicon matrix used to measure the particle’s charge, a graphite
target (0.75 nuclear interaction lengths) in which hadronic showers were produced,
three layers of scintillator strips reconstructing the track, and additionally used as
trigger, and finally, a BGO crystal calorimeter of 18 radiation lengths measuring the
particle’s energy [7].

NUCLEON

NUCLEON was a payload of the Russian satellite Resource-P 2, designed to
study CR spectra from protons to zinc in the energy range from ~ 100 GeV to
~ PeV. NUCLEON used two methods for measuring the particle’s energy: (a) an
ionization calorimeter, and (b) a kinematic method (called Kinematic Lightweight
Energy Meter, KLEM), measuring the number of secondary particles produced after
the interaction of a particle with a spectrometer. The detector was composed of

two planes of charge measurement system, a carbon target, six planes of energy

13
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measurement system (with KLEM), three planes of trigger system (employing a

scintillator), and a small aperture calorimeter [6].

CREAM

CREAM was a balloon-borne experiment that was launched several times from
McMurdo, Antarctica, to circumnavigate two or three times the South Pole and
to measure cosmic ray elemental spectra. The detector components are shown in
the scheme in Fig. 1.8, where the redundancy and complementarity of sub-detectors
for charge and energy measurement are evident. Specifically, the CREAM experi-
ment was instrumented with a Timing Charge Detector (TCD) at the top, followed
by a Transition Radiation Detector (TRD), a Cherenkov Detector (CD), and a
few sub-detectors constituting the calorimeter module: a Silicon Charge Detector
(SCD), carbon targets, scintillating fiber hodoscope (S0/S1 and S2), and an ion-
ization calorimeter (W-scn) [5]. The configuration described above (and shown in
Fig. 1.8) represents the first CREAM detector (CREAM-I). Other payloads followed,
with their generation indicated by a Roman number. Specifically, from CREAM-II
to CREAM-V the configuration was similar but the TRD was removed and an aero-
gel Cherenkov detector (CherCam) was added [10]. The CREAM-VT flight followed,

where in addition to the previous modifications, the CD was also removed [41].

ARGO-YBJ

The ARGO-YBJ detector was located at the Yangbajing Cosmic Ray
Observatory in Tibet, at an altitude of 4300 m asl. The detector consisted of a
Resistive Plate Counter (RPC) carpet with dimensions ~ 78 x 74 m? with ~93%
active area. It was used to study the cosmic ray spectrum starting from energies
lower than a few hundred TeV. To more precisely measure the p-+He spectrum,
the measurements of the ARGO-YBJ detector and of a single wide field of view
Cherenkov telescope (WFCT) were combined. The WFCT was a prototype of the
LHAASO experiment [42].

HAWC

The HAWC experiment is detecting CRs and ~-rays from ~ TeV energies, by

measuring the product of their interaction with the Earth’s atmosphere manifested

14
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Figure 1.8: Scheme of the CREAM experiments with its subdetectors [5].

through EAS. It is located at the high altitude of ~ 4100 m on the Sierra Negra
Volcano in Mexico and covers a surface larger than 22000 m? composed of an array
of 300 Cherenkov detectors. The detectors have a cylindrical shape with a 7.3 m
diameter and 4.5 m height, detecting the signal using 4 photomultipliers (PMT) [43].

KASCADE

The KASCADE experiment measured CR showers in the primary energy range
from ~ 100 TeV to ~ 100 PeV. The detector was placed in Karlsruhe (Germany) and
it was composed of a so-called field array, a central detector, and a muon-tracking
detector. The field array was the apparatus employed for measuring proton and
helium spectra and it consisted of 252 detectors organized in a 200 x 200 m? grid
with 13 m spacing, used to measure and separate electrons and muons. Furthermore,
the reported results on the proton and helium spectra are based on two different

hadronic interaction models: QGSJet and SIBYLL [44].
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MACRO and EAS-TOP

Two experimental apparatuses, MACRO and EAS-TOP, were used together to
measure CR proton, helium, and CNO in the energy range ~ 80 TeV to ~ 300 TeV.
EAS-TOP was placed at 2005 m asl, on the Campo Imperatore plateau and it
detected charged particles with an array of scintillators and a hadronic calorimeter,
and atmospheric Cherenkov light (CL). EAS-TOP was composed of a CL array
consisting of 5 telescopes placed at distances of 60 m or 80 m, comprising two wide-
angle detectors with 7 photomultipliers each. MACRO was placed at the National
Gran Sasso Laboratories, deep underground (3100 m w.e.) and it was a multi-purpose
apparatus of 76.6 x 12 x 4.8 m? that could detect penetrating cosmic radiation. As
shown in Fig. 1.9, around 1100 to 1300 m of rock separated MACRO and EAS-TOP,
depending on the angle [45].

" Mount Aquila
| 2370 m (a.s.l.)

EAS-TOP
Array

12005 m

Figure 1.9: Scheme of the EAS-TOP array located on the Campo Imperatore
plateau and the MACRO experiment placed underground [45].

1.6.3 Precise measurement of the p+He spectrum: motiva-

tions

The all-particle CR spectrum exhibits several features that are not yet under-
stood (see section 1.4). A well-known prominent feature is the so-called “knee”; a
clear steepening of the spectrum around 3 x 10! eV. Over the years, various hy-
potheses were raised regarding the reason behind the presence of this structure [46|

and several experiments tried to approach the knee energy region, in their mea-
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detection experiments. Error bars represent both statistical and systematic
uncertainties added in quadrature.
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surements of the CR spectrum. One theoretical scenario interprets the knee as the
maximum reachable energy for galactic particle accelerators, meaning that the knee
energy represents the transition between galactic and extra-galactic CRs. An addi-
tional factor is the CR propagation in the interstellar medium, which could also play
a role in shaping the spectrum. Noticeably, the steepening of the spectrum in the
knee region does not occur sharply, probably meaning that distinct nuclear species
are accelerated up to different energies (implying the presence of several knees, de-
pending on the particle charge, or mass). It is thus crucial to study accurately the
knee region and its mass composition in order to validate or reject various possible
interpretations. As explained above, the knee region is difficult to approach with
direct measurements, while the separation of different species is a hard task for in-
direct measurements. Nevertheless, KASCADE [47] and ARGO-YBJ [42] suggested
a light-component knee in their measurement of the p-+He spectrum, opening the
possibility of a transition between light and heavy CR abundance in the knee re-
gion, and suggesting the interpretation of the knee as steepening of the light-element
spectra. Unfortunately, these measurements give different indications on the precise
energy of the knee which is a consequence of ground-based experiments suffering
from large uncertainties (mainly coming from the adopted EAS models), thus the
mass group dominating the knee region is still unclear. If direct measurements can
approach the knee region, the enigma could be solved, or at least some options
could be discarded. With currently operating experiments, the exploration of such
a high-energy region is challenging or even impossible. To overcome these difficul-
ties, the aforementioned measurements performed with ground-based experiments
can also be done from space. Measuring proton and helium together, having the
advantage of larger statistics, can lead to directly measuring the spectrum up to the
highest achievable energies and bridge ground and space-based experiments’ results,
eventually clarifying one or the other scenario.

Focusing on precise low-energy measurements, as shown in the previous sec-
tion, the presence of a hardening feature at ~ hundreds GeV /n is well established.
Moreover, DAMPE revealed the presence of a softening structure at ~ 14 TeV for
protons and ~ 34 TeV for helium, which is still puzzling the researchers. The better
purity achieved by selecting a combined proton and helium sample and the increased
statistics will allow further confirmation of the presence of the two features while

acting as a cross-check for the results obtained with the separate analyses of protons
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and helium.

A p+He spectral measurement is a promising tool for exploring the region con-
necting ground- and space-based experiments, and for significantly evaluating and
confirming the spectral features detected in the proton and helium spectra.

The description of the DAMPE experiment will be given in the next chapter,
followed by the p+He analysis procedure and the spectral measurement resulting

from this work.
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Chapter 2

The DAMPE experiment

The analysis presented in this thesis is based on direct CR measurements per-
formed by the DAMPE experiment. Therefore, this chapter will focus on DAMPE
and, in particular, will describe the scientific objectives, the detector structure, and
its sub-detectors, continuing with an overview of the software used for data process-
ing and Monte Carlo production and concluding with a review of selected scientific

results.

The DAMPE (DArk Matter Particle Explorer) satellite was sent into space on
December 17th, 2015 from the Jiuquan Satellite Launch Center (China) on a Long
March 2-D rocket (Fig. 2.1)!. Tt is taking data in a Sun-synchronous orbit, at 500 km
altitude for more than 7 years, while more than 100 scientists from Italy, Switzerland,
and China, are constantly monitoring its performance and analyzing the collected

data.

2.1 Scientific goals

DAMPE was mainly designed to search for signatures of Dark Matter (DM)
candidates through their annihilation or decay into Standard Model particles. The
detector is indeed well suited for this purpose thanks to its very good energy res-
olution for electrons, positrons, and ~-rays (~ 1 % at 100 GeV, as shown in Fig.
2.2), which results in excellent capabilities of detecting even line-like structures in

the energy spectra of e- e™ and ~-rays.

'Link to the launch: https://www.youtube.com/watch?v=Iyy_A4cQzgE
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Figure 2.1: The launch of the DAMPE satellite from the Jiuquan Satellite Launch
Center (China) on a Long March 2-D rocket.
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Figure 2.2: Energy resolution of the DAMPE detector for electrons/positrons and
~-rays, simulated at normal incidence (solid line) and 30° angle (dashed line),
compared with test beam electron results, in red [19]
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Considering the above-stated good energy resolution, DAMPE is an optimal
instrument also for performing ~-ray astronomy, looking for sources and studying
the diffuse emission, and for detecting electrons and positrons, eventually revealing
structures in their combined spectrum, thus helping in the clarification of their
nature and origin.

This work focuses on an additional primary goal of the DAMPE space mission:
the measurement of galactic cosmic rays (GCRs) spectra, from tens of GeV to hun-
dreds of TeV. The study of primary and secondary GCRs, along with their ratios,
can shed light on CRs acceleration and propagation mechanisms inside our galaxy
(as discussed in the previous chapter), and DAMPE has the capability of exploring
for the first time the high-energy region of the CR spectra with relatively small
uncertainties.

Other DAMPE scientific objectives include the study of the Forbush decrease and
time evolution of the electron and positron fluxes, cosmic-ray anisotropies, multimes-
senger astronomy, and exotic physics (e.g. search for fractionally charged particles
in space).

The measured DAMPE proton and helium spectra are shown in section 1.6.1,
while a summary of results regarding the aforementioned main scientific goals will

be given in section 2.9.

2.2 The detector

The DAMPE satellite is composed of 4 sub-detectors, working together to iden-
tify particles and nuclei and reconstruct their energy. In figure 2.3 a schematic view
of the DAMPE instrument, with its sub-detectors, can be seen. A typical event
accepted in the analyses is represented by a particle impinging on the top of the
plastic scintillator detector (PSD), and crossing the other sub-detectors: the silicon
tungsten tracker (STK), the bismuth germanium oxide (BGO) imaging calorimeter,
and the neutron detector (NUD). The PSD is used to identify the charge of the par-
ticle and as a veto for v-rays. The silicon strips of the STK help in reconstructing
the track of charged particles, while the tungsten layers of the same detector con-
vert photons in electron-positron pairs, allowing the ~-ray direction measurement as
well. When the particles enter the BGO, they initiate a hadronic or electromagnetic

shower discriminated one from the other, thanks to the imaging capabilities of the
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BGO, which also measures the total energy deposited in its volume. Finally, the
NUD detects neutrons from the hadronic showers, further separating them from the

electromagnetic ones. In the following sections, the 4 sub-detectors will be described

in more detail. For additional information, see [19].

The plastic scintillator
detector (PSD)

The silicon tracker (STK)

The BGO calorimeter (BGO)

The neutron detector (NUD)

Figure 2.3: The DArk Matter Particle Explorer with its four sub-detectors [19].

2.3 The Plastic Scintillator Detector (PSD)

The PSD is placed at the top of the DAMPE satellite and it’s used to mea-
sure the absolute value of the electric charge (hereafter indicated with charge) of
particles and nuclei, thus discriminating different nuclear species with charge (Z)
ranging from 1 to 26, and possibly even beyond. The PSD is also well suited for sep-
arating electrons from ~-rays. In fact charged particles release energy when crossing
a given material thickness, according to the Bethe-Bloch formula [48] producing a
detectable signal in the PSD. Considering the energy range of interest for DAMPE,
incoming v-rays could produce e -e™ pairs if the medium is dense and thick enough.
Given that the plastic scintillator is made of light material (typically with density

p ~ 1-243) the required thickness for pair production (~ 50 cm) is much larger than

the DAMPE PSD dimension and v-rays will therefore not release any signal in this
sub-detector. This characteristic is fundamental to separate electrons from v-rays

since these two particles will behave in a similar way in the following sub-detectors.
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After crossing the PSD, particles and nuclei will hit other sub-detectors, eventu-
ally producing secondaries and fragments. Some of the secondary particles might
be backscattered and then cross the PSD again (back-splash effect), thus being
misidentified as primaries. The detector structure was optimized in order to reduce
this effect as much as possible. The PSD comprises 82 plastic bars with dimen-
sions 884 mm x 28 mm x 10 mm and scintillator material EJ-200, from Eljen
Technology Corporation?. The bars are placed on two orthogonal layers, called X-
layer and Y-layer, composed of 2 planes of parallel bars each. In Fig. 2.4 a schematic
view of the PSD shows the staggered configuration (of 8 mm) in which the 82 bars
are organized, reducing the back-splash effect. Furthermore, the fake events due to
the back-splash effect can be reduced by combining the PSD signal with the one
recorded by other sub-detectors (i.e. STK and BGO). The total active area result-
ing from this configuration is 825 mm x 825 mm. At both ends of each bar Photo

Figure 2.4: Schematic view of the PSD [49]

Multiplier-Tubes (PMTs) are used to read the signals resulting from the energy
released from the ionizing particles. Specifically, the devices used for the PSD are
R4443 PMTs, from Hamamatsu Photonics®. The total detection efficiency of the
PSD is > 0.9975 [49]. An ultra-relativistic particle with |Z| = 1 crossing a PSD bar
perpendicularly will release a signal of ~ 2 MeV, which will be referred to as 1 MIP
(Minimum Ionizing Particle) signal. In general, the energy released by any nucleus
with charge Z is proportional to Z? in the relativistic energy regime (as described by
the Bethe-Bloch formula [48]|) making their identification and separation possible.
In order to cover a broad dynamic range while keeping a good charge resolution, a
double-dynodes readout scheme is used for each PMT. Dynodes with lower gain are
used to read the signals in the range from 4 MIPs to 1600 MIPs, while higher gain
is used for the range of 0.1 MIPs to 40 MIPs. The overlapping region is used for
inter-calibration purposes [50]. Several beam tests were performed on the DAMPE
Engineering Qualified Model (EQM), to study the performance of each sub-detector.
Specifically, a heavy-ion beam test was carried out at CERN SPS in March 2015.

2Eljen technology, http://www.eljentechnology.com/
3Hamamatsu photonics k.k., http://hamamatsu. com/
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The PSD charge spectrum was obtained using the test beam data, and fit using a
multi-Gaussian function in order to extrapolate the charge resolution values (shown
in Fig. 2.5 for the PSD bottom layer) which is ~ 0.22 for He and it increases linearly
with Z. The charge resolution obtained with the EQM is expected to be worse than
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Figure 2.5: Charge resolution of the PSD bottom layer with respect to the charge
(Z) of the incoming particle, as obtained with heavy-ion beam tests at CERN
SPS [51].

the real case because the STK was not completely assembled, and this prevented
from having a good track reconstruction, thus applying all the needed corrections
to the signal in the PSD (such as traversing length and light attenuation correction)
[51]. After two years of on-orbit operation, the charge resolution was measured again
by using flight data and was found to be 0.18 for Carbon and 0.30 for Iron [52]. The
charge spectrum obtained using the PSD of DAMPE, with a sample of two years of
collected data, is shown in Fig. 2.6. The obtained spectrum highlights the DAMPE
capabilities of separating different nuclear species with very good charge resolution.
Indeed, the peaks are very well separated starting from hydrogen (which is more
abundant and shows a sharper peak), up to iron and nickel (less present, broader
peaks). As shown in section 1.3, the GCR composition is similar to the solar sys-
tem one, and it is thus fundamental to identify different nuclei in order to better

investigate the cosmic ray origin and the acceleration and propagation mechanisms.
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Figure 2.6: The DAMPE PSD charge spectrum obtained with two years of on-orbit
data acquisition, for CR integrated energy above the trigger threshold [52]. The
nuclei peaks from hydrogen to nickel are clearly visible and well separated.

2.4 The Silicon Tungsten Tracker (STK)

Starting from the top, the second DAMPE sub-detector is the Silicon Tungsten
Tracker (STK), which is fundamental for precise track reconstruction of the incom-
ing particles. The STK is composed of 6 planes, each one made of 2 orthogonal layers
of silicon micro-strip detectors. This configuration allows measuring the X-Y coordi-
nates (see Fig. 2.3). Between the 2°¢, 3'4 and 4* silicon layers, Imm-thick tungsten
plates are installed, in order to convert the impinging photons into electron-positron

pairs, allowing their tracking as well (see Fig. 2.7). The first tracking plane is used

Charged particle

LayerY % Tungsten converters
/ / LayerX Y //7

il
/]

Figure 2.7: A scheme of the Silicon Tungsten Tracker (STK) is presented in this
picture. The 6 planes, each one composed of 2 layers (X and Y) are shown, along
with the 3 tungsten converters, used for photon pair-production.
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Figure 2.8: Signal recorded after exposing the STK to a lead beam, and after
removing particles with charge Z=1 [19]. Various fragments of lead nuclei ranging
from Hydrogen up to Oxygen can be identified using the STK, even if with a lower

resolution with respect to the PSD.

to measure the coordinate of the entering particle and to link this measurement with
the one of the PSD, placed above the STK. The tungsten converters are placed only
on 3 layers, in order to ease the tracking of the eT-e~ pairs produced by 7-rays, us-
ing the subsequent layers. Charged particles could undergo multiple scattering while
crossing the tungsten layers, but if their energy is larger than 5 GeV, considering
the thickness of the tungsten layers (~ 1 mm), this effect is negligible (6y ~ 0.08°).
Furthermore, the signal acquired by the STK is proportional to the charge |Z| of
the nuclei, which implies a possible additional usage of the STK to complement the
PSD measurement (even if with lower resolution and dynamic range) and separate
nuclei from helium up to oxygen. In Fig. 2.8 the charge identification capabilities of
the STK are shown.

The STK comprises 192 modules (called ladders), made of 4 single-sided micro-
strip detectors from Hamamatsu Photonics?. Each micro-strip is 48 ym wide and
93.196 mm long, with a pitch of 121 ym. The ladders are instrumented on 7 support

trays produced from Composite Design Sarl®, forming the full detector (see Fig.

“http://hamamatsu.com/
Shttp://www.compositedesign.ch
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2.9), for a total dimension of 95x95x0.32 mm?. The EQM of the STK was exposed

Figure 2.9: Picture of the Silicon Tungsten Tracker (STK), taken from [53|. The 6
planes can be seen, along with the 64 silicon detectors on the top layer.
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Figure 2.10: Position resolution of the STK, measured using a 400 GeV proton
beam with different incident angles. The measured STK resolution is ~ 40 um for
incident angles from 10° up to 40°, ~ 50 um for 0° and 50°, and it increases with

increasing inclination.

to 400 GeV proton beams during the test beam campaign at CERN, in order to
evaluate the performance of the detector and its position resolution. The results
from the test beam are shown in Fig. 2.10, for various incident angles from 0° to
70°. The obtained results show that the position resolution is quite constant and it
is ~ 40 pm for incident angles from 10° up to 40°, while it becomes a bit higher

(~ 50 um) for incident angles of 0° and 50°. The resolution increases even more
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for larger angles which are anyway less relevant since more inclined events will be
rejected during the data analysis procedure.

The aforementioned results demonstrate that the STK is an excellent instrument
for track reconstruction and it also performs very well as a complementary detector

(to the PSD) for charge measurement of CR nuclei up to oxygen.

2.5 The Bismuth Germanium Oxide imaging

calorimeter (BGO)

After crossing PSD and STK, a particle impinging on the DAMPE satellite will
encounter the Bismuth Germanium Oxide imaging calorimeter (BGO). The BGO
is used to measure the energy deposition of particles and nuclei and to discriminate
electromagnetic showers from hadronic ones by reconstructing their 3D image. The
BGO is made of 14 layers with 22 bars of Bismuth Germanium Oxide crystal each.
The bars in one layer are parallel to each other, and perpendicular to the one of the
next (or previous) layer (see Fig. 2.11). The size of one bar is 25 X 25 x 600 mm?,

forming a total active area of the calorimeter of 60 x 60 cm?.

X Layer (22 BGO bars)

"

Y Layer

14 Layers

Figure 2.11: Scheme of the Bismuth Germanium Oxide imaging calorimeter
(BGO). The 14 layers (divided into X and Y layers) can be seen, along with the 22
BGO bars composing each one of them [19].
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Figure 2.12: Energy deposited in the BGO, read by the three different dynodes on
the S1 end of one bar. The (blue) high-gain channel corresponds to dy8, the
(green) medium-gain to dy5b, and the (red) low-gain to dy2. The upper limit for
the measurements is represented with the dashed black line [54].

Two Hamamatsu R5610A-01 PMTs (called SO and S1) are placed at both ends
of the bars to collect the scintillation light produced in the BGO crystals. Having a
reading on both sides allows the measurement of the position in which the energy is
deposited. Furthermore, in order to increase the dynamic range, the signal read-out
is performed using three dynodes (dy2, dy5, dy8) with different gains: (a) dy8 covers
the range [2 - 500] MeV on SO and [10 MeV - 2.5 GeV] on S1; (b) dy5 covers the
range [80 MeV - 20 GeV] on S0 and [400 MeV - 100 GeV| on S1; (¢) dy2 covers the
range [3.2 - 800] GeV on S0 and [16 - 4000] GeV on S1. In Fig. 2.12, the energy read
by the three dynodes on the S1 side is shown.

In order to separate electrons and positrons from protons, the 3D image of the
shower is used. In general, showers initiated by electrons (and «-rays) or protons (and
heavier nuclei), will have a different development in the BGO material. Specifically,
the radiation length (Xo) of the BGO is 1.12 cm and the nuclear interaction length
(A1) is 22.8 cm, for a total of ~ 32 Xy and ~ 1.6 Aj, considering the full BGO
detector. Consequently, electromagnetic and hadronic showers will exhibit different
behaviors in the BGO both longitudinally and transversally. The electron/proton
separation was studied using MC simulations and test beam data, resulting in a
proton rejection power at the level of 10°, in the GeV-TeV regime, with at least 90%

electron identification efficiency. More details on this topic will be given in the next
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Figure 2.13: BGO energy resolution for protons. MC (blue dashed line) and beam
test results (red filled squares) are compared [19].
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Figure 2.14: Energy linearity of the DAMPE BGO calorimeter. Beam test data

(red inverted triangles) refer to electrons data taken during the beam test at CERN
in 2014, and they are compared with simulated data (blue empty circles) [55].
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chapter.

The energy resolution was evaluated during the test beam campaign, and compared
with MC results. For electrons and 7-rays, this is found to be better than 1.2% for
energy larger than 100 GeV (see Fig. 2.2). For protons, the energy resolution has a
minimum value of ~ 10 % at ~ 10 GeV and it worsens with increasing energy, as
shown in Fig. 2.13 [19].

Furthermore, the linearity of response of the BGO was tested and compared
with simulated data (see Fig. 2.14) showing a positive result from both linearity and
MC-data agreement perspectives. A description of the software used to produce MC
simulations and process the data from the satellite will be given in section 2.8.

In addition to the main purpose of energy measurement and shower image re-
construction, the BGO can also be used to reconstruct the particle’s track, with a
lower resolution with respect to the STK. This information can eventually be used
to complement the STK measurement and to provide a seed for the STK track

reconstruction.

2.6 The Neutron Detector (NUD)

Placed at the bottom of the DAMPE satellite, the NeUtron Detector (NUD)
is used to detect neutrons coming from hadronic showers initiated in the BGO
calorimeter. In general, the neutron content in hadronic showers is ~ one order of
magnitude larger than the electromagnetic showers’ one. This translates to better
electron-proton separation capabilities of the DAMPE detector, thanks to the NUD.

The NUD is composed of four boron-loaded plastic scintillators EJ-254 produced
from Eljen Technologies, with 5% boron concentration. In order to increment the
photon collection efficiency, wavelength shift fibers are inserted in each scintillator.
The signal is then read out using four Hamamatsu R5610A-01 PMTs placed at the
corners. The structure of the NUD is shown in Fig. 2.15.

Neutrons produced in the BGO, will reach the NUD after ~ 2 us, and will
possibly be captured by the 1B in the scintillators, through the following process:
OB +n — "Li + a + 7. Each capture process will produce ~ 600 photons and will
occur with a probability inversely proportional to the neutrons’ speed, and a time

constant inversely proportional to the B loading.
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Figure 2.15: Structure of the NeUtron Detector (NUD) [19].

The proton rejection capabilities of the NUD were studied during the test beam
at CERN. Usually, the shower containment in the BGO is total for electrons and
~ 30%-40% for protons (in the energy range of interest for DAMPE). Consequently,
for this study, 450 GeV proton events were compared with 150 GeV electron events.
The results are reported in Fig. 2.16, where it can be seen that the proton signal
is always larger than the electron one. Specifically, the electron signal is below 2

channels most of the time, and always below ~ 26 channels.
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Figure 2.16: NUD signal for 150 GeV electrons and 450 GeV protons (expected to
deposit ~ 150 GeV in the BGO calorimeter) [19].

Besides the test beam results, the NUD response was also studied using MC sim-
ulations. With the requirement of electron detection efficiency of 0.95, the proton
rejection is found to be of a factor of ~ 10. After the launch, the collected data

result in a rejection power of ~ 12.5, for 800 GeV energy deposited in the BGO [19].
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2.7 Data acquisition and trigger logic

In DAMPE, the data are acquired thanks to a combined work of BGO and
trigger board. When the signal recorded by the BGO meets the trigger criteria,
a signal will be sent from the trigger board to the data acquisition (DAQ) system.
Specifically, the DAQ system is composed of two electronic crates: the Payload Data
Processing Unit (PDPU) and the Payload Management Unit (PMU). Science data
and housekeeping data are collected on the +X/+Y side of DAMPE from the PDPU
and on the -X/-Y from the PMU. The latter has a memory of ~ 16 GB used for
the temporary storage of the collected data, which will be finally sent to the ground
stations from the PMU.

Three types of triggers were designed for DAMPE: external trigger, periodical
trigger, and event trigger. The external trigger has been used for testing the detector
before the launch. The periodical trigger generates a fixed number of events with
a specific rate, with the purpose of pedestal calibration and electronics linearity
calibration. Finally, the event trigger is used for collecting science data and comprises
four different trigger configurations: Unbiased Trigger (UNBT), Minimum Ionizing
Particles Trigger (MIPT), High Energy Trigger (HET), and Low Energy Trigger
(LET). A scheme of the DAMPE trigger system is shown in Fig. 2.17.
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Figure 2.17: Schematic view of the trigger logic of DAMPE [56].

The least restrictive trigger is the UNBT, with the request of ~ 0.4 MIPs in the
top two BGO layers. This choice results in ~ 100% trigger efficiency to high energy
electrons and v-rays (with energy larger than 5 GeV), and it allows using the UNBT

to estimate the HET efficiency. Apart from collecting data for science results, event
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triggers can also be used for energy calibration of the BGO calorimeter on orbit. In

particular, the MIPT was designed for this purpose. The MIPT is activated when
the threshold of ~ 0.4 MIPs is achieved in the top and bottom layers of the BGO

(layers 3, 11, and 13 or layers 4, 12, and 14), ensuring that the incoming particle will

cross the BGO from top to bottom, without initiating a shower, and depositing a

MIP energy (~ 23 MeV for a 25 mm-thick BGO bar). Incoming particles and nuclei

will initiate a shower either before (in the case of electrons and ~-rays) or in the top

layers (protons, nuclei, and part of electrons and ~-rays) of the calorimeter. In order

to select these events, a higher energy threshold is required, in the top BGO layers.

This is done with the HET, which requires deposited energy larger than 10 MIPs

in the first three layers, and larger than 2 MIPs in the fourth layer of the BGO.
Finally, the LET has the lower threshold of 0.4 MIPs in the first two BGO layers

and 2 MIPs in the third and fourth layers, to select shower initiated by low energy

electrons and y-rays (starting from ~ 1 GeV energy).

Considering the high event rate during on-orbit operations (see Fig. 2.18) com-

bined with the dead time of the DAQ (3.0725 ms), UNBT, LET and MIPT are

pre-scaled.
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Figure 2.18: Trigger rate (color code in Hz) of the four event triggers of DAMPE,
for various regions of the sky, in galactic coordinates. The trigger rate shown here
is before pre-scaling [56].

The regions with the highest event rate are the South Atlantic Anomaly (SAA),

clearly visible as the red region in the UNBT rate distribution in Fig. 2.18, and
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the polar radiation zone (roughly outside the -20° and +20° latitude region). In
particular, in the SAA the rate is so high (up to 100 kHz for UNBT) that it can
interfere with normal operations of the satellite, such as the performance of the
electronics, pedestal, and dynode linearity. For this reason, events collected in the

SAA, are excluded from the analyses. The pre-scaling factors are set as described in

Table 2.1.
Table 2.1: DAMPE triggers during on-orbit operation.
Trigger Operation Pre-scaling factor Trigger rate
UNBT Enabled (E) P12 im (-20% +20°); ~2 Hz
2048 for other Lat.
Mipp E i (207 207); 4 in (-20° +20°) ~40 Hz
Disabled for other Lat.
HET E Not pre-scaled 40 Hz to 60 Hz
LET E 8 in (-20% 2001 by 46 20 Hy

64 for other Lat.

Thanks to the pre-scaling, the trigger rate is less than 100 Hz in most areas, as
shown in Fig. 2.19, ensuring appropriate data collection considering the DAMPE

science goal, and alleviating the pressure on data storage and transmission.
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Figure 2.19: Global trigger rate (Hz) after pre-scaling [56].

2.8 DAMPE software tools

Along with detector design and optimization followed by numerous hardware

tests, also a software infrastructure is required for adequate data collection and
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analysis, and to perform Monte Carlo (MC) simulations. The latter is fundamental
for predicting and better understanding the response of the DAMPE detector to dif-
ferent particles, with various energies and incoming directions. The DAMPE offline
software [55] was developed for this purpose, based on C++ with the possibility of
running in ROOT [57].

2.8.1 MC simulations

The DAMPE detector, with its sub-detectors and mechanical structure, is built
into the software reading Geometry Description Makeup Language (GDML) files and

is shown in Fig. 2.20. The simulations of CR interacting in the detector are based on

Figure 2.20: Geometry of the detector in the DAMPE software. On the left, the
entire detector, including the supporting structures, can be seen. On the right,
only the sensitive parts of each sub-detector are shown [55].

the Geant4 software [58], which is commonly used for particle physics experiments.
The signal digitization is also implemented in the software, taking into account
electronic fluctuations, noise from the pedestal, and PMT gains. Finally, the trigger
conditions used during the on-orbit operations, are implemented in the simulation
as well. At the end of the simulation and digitization process, MC data and flight
data are stored in the same format, allowing the usage of the same reconstruction
algorithms for both real and simulated samples. This implies that the simulation can
actually provide an accurate representation of the detector response to incoming
particles, and MC data can be processed using the same selection cuts that are

applied to the flight data (more details on this topic will follow in the next chapter).
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2.8.2 Flight data

Starting from the collected flight data, three data levels will follow:

e Level 0: data in binary format, sent to ground stations from the satellite

(~ 12 GB per day).

e Level 1: level 0 data are organized in 13 batches comprising 12 packages for

housekeeping data and 1 package for science data.

e Level 2: science data are reconstructed using the DAMPE offline software.
Specifically, level 1 science data are divided into calibration files and science-
data files, subsequently stored in ROOT files. Calibration files are used to
extract the constants given to the reconstruction algorithm. Finally, the re-
construction is used to convert ADC counts into physical variables (energy,

charge, etc.).

2.8.3 Beam test data

Several tests have been performed to confirm and further optimize the DAMPE
software. Such tests include CR tests on the ground and beam test data analysis.
An example of the latter is shown in Fig. 2.14, where beam test data and simulated
data are compared. More details on the electron beam test results are given in [59].

Additionally, simulation and beam test data were compared using ion beams
with energy of 40 GeV /n, 75 GeV/n and 400 GeV /n [51, 60, 61], showing a general

agreement also in this case.

2.9 Selected DAMPE results

In section 2.1 the DAMPE scientific goals have been briefly illustrated.
Afterwards, the detector with its sub-detectors, the trigger logic, and the software
created for the experiment have been described. To conclude, selected results from
the DAMPE space mission will be reported in this section, focusing on CR spectra
(and spectral ratios) and ~-ray analysis, including dark matter search.

As can be inferred from what was previously reported (in particular in section
2.5), the DAMPE detector configuration is optimal for the detection and energy

measurement of electrons and positrons. Consequently, the DAMPE collaboration
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Figure 2.21: The electron-positron energy spectrum measured by DAMPE (red
circles) compared with other experimental results from H.E.S.S. [62, 63|,
AMS-02 [64], Fermi-LAT [65]. Error bars in the DAMPE, AMS-02 and Fermi-LAT
spectrum represent both systematic and statistical uncertainties added in
quadrature. The error bars in the H.E.S.S. spectrum indicate only the statistical
uncertainties, while the grey band corresponds to the systematic uncertainties. The
red dashed line shows the fit performed with a smoothly broken power-law
function on the DAMPE spectrum.

published the e™- et flux in 2017, using a sample of ~ 530 days of collected data [66].
The spectrum is reported in Fig. 2.21, measured in the energy range from 25 GeV
to 4.6 TeV, with high energy resolution and low background. This study led to the
unprecedentedly precise detection of a spectral break at ~ 0.9 TeV, evaluated by
using a smoothly broken power-law fit shown in Fig. 2.21 with a red dashed line,
which is favored over the single power-law fit. The main source of uncertainties from
about ~ 380 GeV onwards is represented by the statistics. It follows that DAMPE
can provide a more precise result reaching also higher energy for the e™- e spectrum
by the end of the mission. Consequently, different models can be explored and even-
tually confirmed (e.g. the presence of nearby sources such as pulsars and supernova
remnants), by precisely measuring the spectral cutoff energy, possibly indicating
the maximum energy reachable by the astrophysical accelerators. Additionally, im-
proving this spectral measurement can help in giving further constraints on the
parameter space of dark matter (DM) models, by defining new limits on DM mass
or annihilation and decay cross-section.

Various models have been developed to describe the DM that is evidently per-
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meating our universe. Considering particle physics models, the so-called WIMP the-
ory has been proposed, postulating that DM might be made of Weakly Interactive
Massive Particles (WIMP). Space-borne experiments can test this hypothesis by in-
vestigating the 7-ray spectrum and looking for (almost) monochromatic structures
which could be generated by the annihilation of two WIMPs into a photon and an-
other Standard Model particle. If this is the case, a spectral line should be manifested
in the y-ray spectrum with an energy value dependent on the mass of the WIMP
and of the Standard Model particle produced by the aforementioned annihilation.

The DAMPE DM studies were performed by searching for possible monochro-
matic lines in the y-ray spectrum covering the energy range from 10 GeV to 300 GeV,
with a sample of 5 years of data [67]. The results showed no evidence of DM but they
led to the definition of 95% confidence level constraints on the DM decay lifetime
and annihilation cross-section. The 5-year DAMPE results are shown in Fig. 2.22,
compared with the 5.8-year Fermi-LAT results [68]. Thanks to the optimal energy
resolution, the DAMPE analysis provided more stringent lower limits for decaying
DM with mass < 100 GeV with respect to Fermi-LAT, demonstrating the capabil-
ities of a thick BGO calorimeter (and excellent energy resolution) to perform DM
studies in space.
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Figure 2.22: 95% confidence level upper limits for annihilating dark matter (left
panel) and lower limits for the lifetime of decaying dark matter (right panel)
obtained with 5 years of DAMPE data, with and without systematic uncertainties
(red solid and purple dotted lines) compared with the 5.8-year Fermi-LAT results
(blue dot-dashed line). Yellow and green bands show the 68% and 95% expected
containment [67].

Along with searching for DM signatures, y-ray data are also used to look for
possible y-ray sources. Specifically, 5 years of DAMPE data were used for a total
of more than 2.2x10° photons detected above 2 GeV, leading to the preliminary
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result reported in Fig. 2.23 [69]. A total of 222 y-ray sources were identified (mostly
favoring a power-law spectral interpretation) and associated with the Fermi catalog

(4FGL [70]), showing that the majority of y-rays are produced by AGNs and Pulsars.

+ AGN * pulsar @ snNr/pwn B Binary + Globular Cluster B unassociated

SNR and/or Globular Unassociated Total
PWN Cluster
163 44 7 3 1 4 222

Figure 2.23: y-ray sources observed by DAMPE, after association with the
4FGL [69]. The majority of the detected -ray sources have been associated with
AGNs and Pulsars.

The DAMPE instrument capabilities extend also to the identification and en-
ergy measurement of CR nuclei (see previous sections and in particular 2.3 and
2.5). Therefore, the proton and helium energy spectra were precisely measured, as
reported in section 1.6.1 and shown in Fig. 1.6 and 1.7, resulting in new interesting
results. Specifically, the spectral hardening at ~ hundreds of GeV, previously ob-
served by other experiments [2, 4-6, 1017, 40| has been confirmed, followed by a
softening at 13.6%5% TeV in the proton spectrum and at 34.475% TeV in the helium
spectrum, detected for the first time with high significance |3, 9.

Further clarifications on the CR nature can be given by combining proton and
helium in a single energy spectrum (p+He). The background level in this case would
be much lower than the one affecting the single proton and helium samples, allow-
ing the use of looser selection cuts when performing the analysis of satellite data.
Moreover, given that proton and helium are the most abundant GCR nuclei, their
combination in a single spectrum means a considerable increase in statistics, which
is even more significant when applying less stringent analysis cuts. The p-+He energy

spectrum can thus definitely confirm the observed softening at tens of TeV and ex-
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tend the covered energy range up to hundreds of TeV, finally defining the connection
between direct and indirect CR measurements. More details on the motivations for
this analysis are given in section 1.6.3, while the p+He spectral measurement will
be described in the following chapters.

Considering the PSD identification capabilities, DAMPE is able to extend the
study of CR spectra to nuclei heavier than proton and helium, starting from lithium
up to iron and more. It follows that several CR analyses on medium and heavy
mass nuclei are currently in progress, while recent novel results were achieved in
the primary to secondary ratios. The importance of investigating spectral ratios, in
addition to single nuclei spectra is delineated in section 1.3. Specifically, the boron-
over-carbon and boron-over-oxygen flux ratios were recently published in the energy
range from 10 GeV/n to 5.6 TeV/n, using 6 years of accumulated statistics, and
are reported in Fig. 2.24 [8]. Boron nuclei are considered secondary CRs, produced
through the spallation process from heavier primaries such as carbon and oxygen
when they interact with the interstellar medium. Consequently, the B/C and B/O
flux ratios carry crucial information on the propagation mechanisms of CRs in the
Galaxy. Previous results reported the hint of a deviation from a single power law
model in the aforementioned spectral ratios, but with low significance. The DAMPE
results show for the first time the evidence of a hardening in both spectra at around
100 GeV /n, evaluated performing a broken power law fit, shown in Fig. 2.24 with a
red dashed line. The aforementioned fits result in a significance of 5.60 and 6.90 for
the presence of a break in the B/C and B/O flux ratios respectively. Considering
these results, apart from delineating the propagation mechanisms, the study of B/C
and B/O gives indications on the nature of CR sources (e.g. hints about the gram-
mage accumulated in the SNR) and eventual re-acceleration processes happening

while high-energy particles travel in the interstellar medium.

With more than 7 years of operation, the DAMPE experiment provided valuable
insights into DM models, v-ray physics, and electron-positron sources. Moreover,
results on charged nuclei opened new challenges in our understanding of CR physics
and of our galaxy. The DAMPE satellite is currently taking data and its sub-
detectors are fully functional, promising more breakthrough results to come in the
next months and years. The next chapter will focus on the p+He spectral measure-

ment, specifically describing data selection and acceptance evaluation.
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Figure 2.24: DAMPE results on (a) Boron-over-Carbon and (b) Boron-over-Oxygen
flux ratios in red circles, compared with previous experimental results. Statistical
uncertainties are represented by error bars, while the grey-shaded band represents
the quadratic sum of statistical and systematic uncertainties. The spectral fit is
performed using a broken power law (red dashed line) and a single power law (blue
dashed line) functions, showing the evidence of a break at ~ 100 GeV /n [8].
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Chapter 3

Proton+-helium event selection

In the energy range of interest for DAMPE, proton and helium are the most
abundant species. Their combined selection allows having higher statistics with re-
spect to selecting proton or helium alone, without encountering any particular issues
with contamination/purity of the data sample. High statistics imply the possibility
of extending the energy spectrum to the highest energies achievable by the DAMPE
instrument. In order to perform the p+He spectral measurement, it’s fundamental
to select a sample of interest among all the events collected from the satellite during
its operation. Afterwards, the identification of proton+helium will follow.

The proton+helium event selection procedure will be the subject of this chapter,
starting from a description of the data used, continuing with the definition of good-
quality CR events, and concluding with the identification of protons and helium

nuclei while quantifying also the possible background in the selected sample.

3.1 Data samples

DAMPE is able to collect ~ 5 million of cosmic-ray events per day in the en-
ergy range from a few GeV to hundreds of TeV. In Fig. 3.1 the daily event count
of DAMPE is shown, with a few spikes representing the days in which the data
acquisition has some interruptions or excess of triggers. The same event count plot

is presented in Fig. 3.2 divided by energy range.
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Figure 3.1: DAMPE daily event count, divided per year. The spikes indicate days
in which the DAMPE instrument was under test or calibration, as well as a few
instances where the data acquisition was interrupted.

3.1.1 Flight data

This work is based on 72 months of flight data, namely the period from the
beginning of January 2016 until the end of December 2021. From this data sam-
ple, the events collected while crossing the South Atlantic Anomaly (SAA) region
are excluded (more details on this topic can be found in section 2.7 and in Fig.
2.18). Additionally, the total operation time is affected by other factors such as the
instrumental dead time, which is 3.0725 ms per event corresponding to ~ 18% of
the operation time, and the on-orbit calibration time, which is ~ 1.6% of the op-
eration time. Furthermore, a giant solar flare was recorded in the period between
September 9 and September 13, 2017}, influencing the normal operation of the satel-
lite. Considering all these contributions, the remaining total live time in the analysis

is ~ 14.5x 107 s, which corresponds to ~ 76% of the total operation time.

3.1.2 Monte Carlo simulations

As mentioned before, MC data are important to understand and predict the de-
tector response to different particles, thus they are fundamental for physics analyses.
For this work, MC data are produced using the DAMPE software with GEANT4 ver-
sion 4.10.5 [58]. The GEANT4 toolkit gives the possibility to use various hadronic in-

teraction models. Specifically, two models are used for the computation of the p+He

https://solarflare.njit.edu/datasources.html
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Figure 3.2: DAMPE daily event count, divided per BGO energy range.

energy spectrum: the FTFP_BERT? GEANT4 physics list, and EPOS-LHC |71] by
linking it to GEANT4 with the Cosmic Ray Monte Carlo (CRMC) package® [72].
The MC samples used in this analysis are listed in table 3.1 and 3.2.

Table 3.1: Proton and helium MC FTFP BERT samples used in this analysis.

Energy range (TeV) Number of events (M)

0.01 - 0.1 204.2
0.1-1.0 101.5
Helium 1.0 - 10 99.5
10 — 100 99.4
100 — 500 18.7
0.01 - 0.1 2068.2
Proton 01-1 1056.8
1-10 252.6
10 — 100 1174

Table 3.2: Proton and helium MC EPOS-LHC samples used in this analysis.

Energy range (PeV) Number of events (M)

Helium 05-1 6.1

Proton 0.1-1 15.1

Additionally, in order to evaluate the effect of using these specific hadronic

models, more MC samples were produced: the FLUKA 2011.2x [73] software is

’https://geant4-userdoc.web.cern.ch/UsersGuides/PhysicsListGuide/html/
reference_PL/FTFP_BERT.html
3https://web.ikp.kit.edu/rulrich/crmc.html
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used for helium with the DPMJET3 model [74-76|, and the QGSP_FTFP BERT
GEANT4* physics list is used for protons. These samples are listed in table 3.3 and
3.4. More details will follow in the section dedicated to the systematic uncertainty

evaluation.

Table 3.3: Helium MC FLUKA samples used to evaluate the uncertainty on the
hadronic model.

Energy range (TeV) Number of events (M)

0.01 - 0.1 168.7

0.1-1 94.1

Helium 1-10 86.6
10 — 100 148.9

100 — 500 19.7

Table 3.4: Proton MC QGSP _FTFP BERT samples used to evaluate the
uncertainty on the hadronic model.

Energy range (TeV) Number of events (M)

0.01 - 0.1 2029.5
Proton 0.1-1 1186.8
1-10 233.2

10 — 100 22.9

3.2 Event selection

Flight data and MC data are stored in the same format and reconstructed using
the same algorithms (see section 2.8.1). This implies that the same event selection
can be applied to both of them. Specifically, starting from the data sets described
in the previous paragraphs (3.1.1 and 3.1.2), a so-called pre-selection is applied to
select good-quality events. The pre-selection is followed by the reconstruction and
selection of the best track among many candidates, thus identifying the same event in
different sub-detectors. The data sample surviving pre-selection and track selection
will be used to identify the proton-+helium candidate. A detailed description of the

event selection procedure will follow.

‘https://geant4-userdoc.web.cern.ch/UsersGuides/PhysicsListGuide/html/
reference_PL/QGSP_BERT.html
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3.2.1 Preselection

The first level of event filtration is the pre-selection which is mainly determined

by the energy deposited in the BGO and consists of the following criteria:

e The high energy trigger (HET) activation is required in order to ensure the
selection of events initiating a shower at the top of the calorimeter. More

details on the trigger are given in section 2.7;

e The effect of the geomagnetic rigidity cutoff on the DAMPE data taking was
studied |77, 78] and it was found to be relevant for energy lower than ~ 20 GeV
when proton and helium are considered. For this reason, the selected events

should deposit energy larger than 20 GeV in the BGO;

e Selected particles and nuclei should cross all the DAMPE sub-detectors.
Consequently, a criterion is applied to reject most of the side-entering events,
which consists of requiring an energy deposition in a single BGO layer lower

than 35% of the total energy deposited;

e Another requirement is that the shower should be laterally contained within
the BGO. This is achieved by asking that the distance between the calorimeter
center and the central axis of the shower is less than 280 mm, which means
that the shower axis is contained in a central region that covers 93% of the

calorimeter width (see Fig. 3.3);

e Additionally, events with maximum energy deposition at the outermost BGO

bars are rejected;

¢ Finally, a top-down development of the shower is required, with the condition
of having an energy deposition in the first two BGO layers smaller than the
energy deposited in the third and fourth layers: Ey; + Eps < Epg + Epg.

3.2.2 Track selection

Events surviving the pre-selection cuts will go through their track reconstruction
process using the track pattern recognition algorithm in the STK [79]. Each of these
events contains many tracks generated by the primary particle and by the secon-

daries produced during the interactions with the sub-detectors. In order to select
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Figure 3.3: Scheme of the DAMPE detector with its dimensions in mm [59].

the best track a series of cuts is applied, including also the combination between the
STK signal and the one recorded by other sub-detectors, specifically the BGO and
the PSD. The applied cuts are described below:

Good quality track

e Considering that for every event there could be clusters in the STK induced
by the interaction of both secondary and primary particles, their combination
will result in a high x?/ndof (typically mean value of x?/ndof ~ 35 and RMS
of 25), as shown in Fig. 3.4. The events are selected by requiring that the STK
track is reconstructed with a x?/ndof lower than 25. This value is chosen as
an adequate compromise between keeping the bulk of statistics while ensuring

a good quality of the reconstructed track.

e Since the STK can be used also for charge measurement, the presence of at
least one cluster in the first STK layer is required, to avoid particle’s interaction

with the tungsten plate placed on the second layer.
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Figure 3.4: Distribution of the x?/ndof for reconstructed helium tracks, in the
energy range from 10 TeV to 100 TeV. The distribution is similar if different
energies are considered, also for protons. A Gaussian fit of the peak is shown with
the red line, and the resulting parameters are reported.

BGO-STK match

e The track recorded in the STK and the axis of the shower measured in the

BGO should have a difference in zenith angle lower than 25°;

e The distance between the projections of STK track and BGO track on the
first layer of the BGO has to be lower than 60 mm;

e The distance between the first cluster in the STK and the projection of the
BGO track is required to be lower than 200 mm.

PSD-STK match

e A PSD fiducial volume which covers the ~ 97% of the PSD active area (in the
central region) is defined. Specifically, the size of this volume is [-400, 400] mm
(see Fig. 3.3), and the STK track projection is required to be contained in this

volume.

The effect of the track selection in the X-view is illustrated in Fig. 3.5.

50



3. Proton+helium event selection

X view - BGO Energy: 42664.4 GeV

E annF 0
Eou” .
N OE
2001 10°
F o 107
IOO:— 10
o b
mn:nE m‘E
F 10°
-200~ g
F 10°
-300—
8 107
~400— 10
By i 5 e il ol

-800 400 200 0 200 400 600
X Imm1

X view - BGO Energy: 42664.4 GeV

1
&

Figure 3.5: Event display of DAMPE, showing an event with deposited energy of
~ 42.66 GeV, in the X-view of the detector. The upper panel shows the numerous
reconstructed tracks before the track selection procedure. In the bottom plots, only

one track is chosen and it is represented with a red line.
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3.2.3 Selection of proton and helium

Proton and helium nuclei are separated from other nuclear species by using the
PSD (see section 2.3). For this reason, a specific procedure focused on the PSD is

used to select proton and helium candidates:

e Since both PSD layers (PSDx and PSDy) are used for this analysis, the first
requirement is to have a signal on both of them. Afterwards, the total PSD
deposited energy (hereafter PSD Global energy) is defined as follows:

PSDx + PSDy |

PSD Global energy = 5 ;

(3.1)

e Protons and electrons/positrons will behave in the same way in the PSD.
Consequently, a specific cut is applied to remove electrons and positrons, using

the imaging capabilities of the BGO (more details will follow in section 3.4);

e The signal in the PSD is corrected considering light attenuation, detector
alignment, and incident angle [52, 80]. These corrections make the signal pro-
portional to Z? (with Z charge of the particle), in accordance with the Bethe-

Bloch equation;

e Finally, proton and helium candidates are selected by looking at their energy
deposition in the PSD (as described below), also taking into account the in-

crease of the energy loss rate with energy.

Charge selection

The particle’s charge and its primary energy determine the signal recorded in
the PSD. It follows that the nuclei identification is performed by combining the
information taken from the PSD with the one from the BGO. For this analysis, the
PSD Global energy (defined in eq. 3.1) distribution is taken in different bins of energy
deposited in the BGO (called BGO Energy), in a PSD energy window in which the
signal of proton and helium is expected to be seen. Furthermore, in order to provide
a better description of expected real data, the proton and helium MC samples are
weighted with functions obtained by fitting the proton and helium AMS spectra
[13, 14] respectively. The two peaks representing the proton and helium signal are

fit with a Landau convoluted with a Gaussian function (LanGaus) in each BGO
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energy bin. The Landau function describes fluctuations in energy loss of ionizing
particles and the Gaussian is used to account for detector effects. The PSD Global
energy distributions are reported in Appendix A and some representative plots are
shown in Fig. 3.6 for MC, and in Fig. 3.7 for flight data, along with their LanGaus
fits, in different bins of BGO energy.

The parameters extracted from the LanGaus fits (most probable value (MPV),
Landau width and Gaussian sigma) are presented with respect to the BGO energy
in Fig. 3.8 and 3.9. The dependence of the energy deposited per path length on
the primary energy is taken into account by fitting the aforesaid parameters with
a fourth-order polynomial function of the logarithm of the energy. The Gaussian
sigma is almost not affected by the primary particle energy and for this reason, this
value is fit with a constant function, shown in Fig. 3.10. The aforementioned result
suggests that the energy deposit in the case of protons follows a simple Landau
distribution, with a negligible Gaussian contribution. Nevertheless, the latter was
found to be relevant for helium nuclei and is therefore kept in the fitting and charge
selection procedure.

The comparison between the parameters found for MC and flight data shows
a disagreement at high BGO energy, probably due to the MC overestimating the
back-scattering effect. For this reason, a correction is applied to the MC histograms.

A function called smearing function is used to fill the MC PSD histograms with a

corrected PSD energy (E’%%w”) depending on the BGO energy value:
/
MC,corr ga,DATA(EBGO)
Epsy™" = (Epsp — fupviue(Epco)) == 5 + fupvipara(Esco) (3.2)
9omc(EBGo)

where f),pyic(EBco) and fypy para(EBco) are the polynomial functions used
to fit the MPV values for MC and flight data respectively, g, y,o(Epco) and

9, para(Epco) represent the sigma value for MC and flight data which is calcu-

lated as \/Width? + 02,,,,. After applying the smearing correction, MC and flight
data are in good agreement as can be seen in Figures 3.11, 3.12, 3.13, and in the his-
tograms in Fig. 3.14. The corrected polynomial functions are used to define a charge
selection cut for the proton+helium analysis, which is the interval from MPV,, - 20
to MPVyg, + 60, shown with dashed lines in Fig. 3.14, and in Fig. 3.15 superim-
posed to the scatter plot of PSD energy versus BGO energy. The chosen interval

was optimized to have more proton and helium statistics while keeping low the
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contamination from other nuclei (more details will follow in section 3.4).

3.3 Effective acceptance

As described in section 3.1.2, along with data from the satellite, MC data are
used in this analysis. Specifically, a certain number of events N(E%) is generated in

the i-th bin of primary energy Er, with a geometrical factor G, defined as follows:

Gyen = / dsdq, (3.3)
S,Q

where S is the surface and €2 the solid angle. The MC data are generated using a
geometrical factor G, corresponding to a half-sphere, where the DAMPE detector
is positioned at the center, and the generation surface assumes an isotropic cosmic
ray flux. Afterwards, selection cuts are applied as explained before and only part
of these events, called N(FE%, sel), will survive. The selection cut efficiencies can be

expressed as: A
N(E%L, sel)

S = TN )

(3.4)

and are described in section 4.4.1 (next chapter), in order to make a comparison
between MC and flight data, eventually evaluating the systematic uncertainty orig-
inating from their possible difference. An example of selection cut efficiency is given
in Fig. 3.16 where the track reconstruction efficiency is reported for MC and flight
data with the MC/data ratio shown in the bottom panel. As aforesaid, additional
information on the efficiency evaluation procedure and on their possible influence
on the systematic uncertainties will be given later. Combining the efficiencies with

the geometrical factor, the effective acceptance A® _ can be computed as follows:

K3
acc C

N(EL, sel)

Al (EL) = ‘
( T) Ggenx N(E%)

acc

(3.5)

The MC generation surface (Gge,) has a radius r of 1.38 m for protons and
1.0 m for helium and heavier nuclei. For this reason, in the calculation of the final
acceptance for the p+He spectrum a correction factor Gyen, e/ G genp, is applied to
the helium MC events. The effect of different selection cuts on the acceptance is
shown in Fig. 3.17, while the final acceptance used for this analysis is presented in

Fig. 3.18, with respect to the primary particle energy.
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Figure 3.6: Distributions of simulated proton and helium PSD Global energy, for
various BGO energy bins: (a) 63 GeV - 100 GeV, (b) 251 GeV - 398 GeV, (c)
630 GeV - 1000 GeV, (d) 2.5 TeV - 4.0 TeV, (e) 6.3 TeV - 10.0 TeV, (f) 31.6 TeV -
100.0 TeV. The MC distributions of proton (in blue) and helium (in magenta) are
shown, along with their LanGaus fits (green lines). The average increase of the
energy loss rate with primary energy is clearly visible.
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Figure 3.7: Distributions of PSD Global energy in flight data, for various BGO
energy bins: (a) 39 GeV - 63 GeV, (b) 158 GeV - 251 GeV, (c) 630 GeV -
1000 GeV, (d) 1.6 TeV - 2.5 TeV, (e) 6.3 TeV - 10.0 TeV, (f) 31.6 TeV - 100.0 TeV.
The flight data distributions of proton and helium are shown with grey points,
along with their LanGaus fits, in blue for protons and magenta for helium.
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Figure 3.9: Width of the LanGaus fit for (a) protons and (b) helium with respect
to the energy deposited in the BGO. MC data (in red) and flight data (in blue) are
shown, along with their fit functions and the parameters extracted from the fit.
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Figure 3.10: Gaussian sigma of the LanGaus fit for (a) protons and (b) helium
with respect to the energy deposited in the BGO calorimeter. MC data (in red)
and flight data (in blue) are shown, along with their fit functions and the
parameters extracted from the fit. In the case of protons, the MC data are shifted
by a constant factor of +0.01 to separate them from flight data. The Gaussian
sigma is negligible for protons but significant for helium, and for consistency, the
LanGaus method is kept for both nuclei.
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fit functions and the parameters extracted from the fit.
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Figure 3.12: Width of the LanGaus fit for (a) protons and (b) helium with respect
to the energy deposited in the BGO, after the smearing correction. MC data (in
red) and flight data (in blue) are shown, along with their fit functions and the
parameters extracted from the fit.
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with respect to the energy deposited in the BGO calorimeter, after the smearing
correction. MC data (in red) and flight data (in blue) are shown, along with their
fit functions and the parameters extracted from the fit. In the case of protons, the

MC data are shifted by a constant factor of +0.01 to separate them from flight
data. The Gaussian sigma is negligible for protons but significant for helium, and
for consistency, the LanGaus method is kept for both nuclei.
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Figure 3.14: Distributions of PSD global energy for events with deposited energy in
the BGO calorimeter in the ranges (a) 100-158 GeV, (b) 10.0-15.8 TeV. Flight
data are shown with black points, together with MC data of proton-+helium, in

red. The blue vertical dashed lines represent the charge selection ranges for p+He.
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green dashed lines represent the p+He charge selection range.
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MC samples, after applying all the selection cuts.

3.4 Background estimation

Selecting proton and helium together leads to having more statistics (with respect
to proton and helium alone) while keeping the contamination from other particles
low and avoiding the problems coming from helium contamination in the proton
sample and viceversa. Specifically, if only protons are considered, the tail of the
helium peak would enter the proton charge selection region, imposing the need for a
compromise between the efficiency of the charge selection (how many proton events
are kept over the total) and the remaining contamination. Additionally, electrons and
positrons, which could be misidentified as protons in the PSD, constitute a source
of background as well, which is rejected thanks to the BGO imaging capability (this
is relevant also for the p-+He background estimation and more details will follow in
3.4.1). On the other hand, selecting only helium means having a similar situation as
for the proton one but in this case the tail of the proton peak would enter the charge
selection region, requiring again to reach a compromise between selected helium
events and background level. In this case, the additional background is constituted
by heavier nuclei such as Lithium, which is much less abundant than protons and
is therefore negligible. Considering the p+He charge selection, the background is

composed of electrons, positrons, and Lithium nuclei, which could partially enter the
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3. Protonhelium event selection

chosen charge selection window. The background estimation in the p+He analysis

will be described in the next subsections.

3.4.1 Electrons/positrons background

The signal recorded in the PSD is the same for protons and electrons/positrons.
For this reason, their discrimination is performed by looking at their shower de-
velopment in the BGO (considering that the electromagnetic shower is expected to
have a different morphology with respect to the hadronic one). Specifically for this
analysis, events crossing the entire BGO are selected, and the shower spread in the

ith Jayer of the BGO is computed as follows:

> (@5 — wei)’ B
Zj E',i

(Shower spread); = RMS; = (3.6)
The previous formula represents the energy-weighted root-mean-square value of hit
positions in the calorimeter. The terms x;; and Ej; indicate the coordinates and
deposited energy for the j™ bar in the i layer, while z.; is the coordinate of the
shower center for the i*® layer. The total shower spread on all 14 layers of the BGO
(3;RMS;) is shown in Fig. 3.19 with respect to the fraction of energy deposited
in the last BGO layer (Fj,q ), after removing heavier nuclei with the PSD charge
selection. From this figure, the discrimination capability of the DAMPE detector re-
garding protons and electrons-positrons using only the image in the BGO, is evident.
Nonetheless, a dimensionless variable, (, is used to perform a better proton-electron

separation, which is defined as:

¢ = Flase X (Z;RMS;/mm)*/ (8 x 10°) (3.7)

An example of ¢ distribution for selected events with BGO energy between 500
GeV and 1 TeV is shown in Fig. 3.20, along with the comparison between flight data
and MC data, which shows a good agreement.

For this analysis, the condition ( > 16 is chosen to reject electrons. The con-
tamination was evaluated in various BGO energy bins using flight data and MC
simulations of proton, helium and electrons, as shown in Fig. 3.21. The MC data are
initially simulated with a power-law energy spectrum following a E~! energy depen-

dence and subsequently re-weighted according to the AMS proton [13], helium [14],
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and electron [64] spectra. The resulting background is ~0.5% at 40 GeV of BGO

energy, and it decreases with increasing energy (see Fig. 3.23).
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Figure 3.19: The fraction of energy deposited in the last BGO layer is presented
with respect to the shower spread in the entire BGO for selected events with BGO
energy between 500 GeV and 1 TeV [66].

3.4.2 Lithium background

In addition to electrons, a source of background for the p+He analysis comes from
heavier nuclei such as Lithium (with charge Z = 3) which could enter the charge
selection region and eventually be misidentified as helium. In order to evaluate the
contamination caused by Lithium nuclei, a template fit method based on RooFit is
used. Specifically, the entire selection procedure described in this chapter is applied
to MC proton, helium, lithium, and flight data up to the charge selection, which
is not used. Also in this case, the simulated MC data follow a power-law spectrum
with a E~! energy dependence and are re-weighted according to the AMS spectra
for proton [13], helium [14], and lithium [16]. Afterwards, the MC histograms are
corrected using the charge smearing formula and plotted together with the flight
data, as shown in Fig. 3.22. Finally, the charge selection region for the p+He analysis
is defined in different BGO energy bins (see red dashed line in Fig. 3.22), and the
percentage of Lithium nuclei entering this window is evaluated.

The contamination from Lithium is found to be lower than 0.3% up to 10 TeV,
and ~1.6% for energies higher than 10 TeV as shown in Fig. 3.23. The background

level was evaluated also by changing the charge selection window from 6o to 5.50
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Figure 3.20: The ¢ distribution is shown, comparing (blue points) flight data with
(green histogram) MC protons, (black) MC electrons, and (red) their sum, for
selected events with BGO energy between 500 GeV and 1 TeV [66].

and 5o, resulting in a negligible difference in spectral shape and contamination level
but lower p+He counts at high energy. Consequently, the choice of +60 was kept,
as a good compromise between statistics and background level.

At the highest energies, it is difficult to distinguish the lithium peak because
of the very low counts of flight data. For this reason, an upper limit is defined,
looking at the highest possible contamination value considering 1o error. The total

contamination for this analysis is presented in Fig. 3.23.

This chapter outlined the event selection procedure performed starting from the
~ 5 million CR candidates identified every day with the DAMPE detector and
concluding with the selection of proton+helium nuclei, which is the focus of this
work. In the next chapter, the detected p+He events will be subject to a further
analysis aiming toward the energy reconstruction and the computation of the p+He

energy spectrum.
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Figure 3.21: Template fits of the ¢ distribution in various BGO energy bins: (a)
33 GeV - 47 GeV, (b) 133 GeV - 188 GeV, (c) 266 GeV - 375 GeV, (d) 531 GeV -
749 GeV, (e) 1.06 TeV - 1.50 TeV, (f) 1.5 TeV - 2.1 TeV. Flight data are shown
with blue points, and histograms represent MC data for (black) electrons, (green)
proton+helium, and (red) p+He+e™.
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Figure 3.22: Template fit of the distribution of (black points) flight data, (green
dashed line) MC p+He, (yellow dashed line) MC lithium, and (red line) MC
p+He+Li, in various BGO energy bins: (a) 32 GeV - 100 GeV, (b) 100 GeV -

320 GeV, (c) 320 GeV - 1 TeV, (d) 1.0 TeV - 3.2 TeV, (e) 3.2 TeV - 10.0 TeV, (f)

10.0 TeV - 32.0 TeV.
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Chapter 4

Proton-+Fhelium: the energy spectrum

In the previous chapter, the selection of proton-+helium events recorded by the
DAMPE detector was described in detail. Starting from the selected events and the
signal recorded in each of the DAMPE subdetectors, a few more steps are needed
to obtain the p+He energy spectrum.

In this chapter the energy measurement procedure will be described, followed by
the computation of the p+He flux along with the statistical and systematic errors
associated with the spectral measurement and the analysis procedure. Afterwards,
the comparison with the separate proton and helium spectra measured by DAMPE
will be shown, along with the fit of the p-+He spectrum. Finally, the p+He DAMPE
spectrum resulting from this work will be compared with other direct and indirect

experimental results.

4.1 Energy measurement and unfolding procedure

4.1.1 Corrections to the energy deposited in the calorimeter

When particles and nuclei deposit more than ~ 4 TeV in a single BGO bar,
some readout channels could saturate as indicated with white boxes in Fig. 4.1. It
follows that a correction is needed to recover the signal of the saturated bars and
have a good estimation of the energy deposited in the calorimeter. The details of
this method are given in Appendix B and in [54].

On the other hand, when the energy deposition is lower than ~ TeV, the BGO
crystal response can be affected by the quenching effect [81]. Specifically, low-energy

secondaries could deposit their energy after traveling very short distances and their
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Figure 4.1: Event display of helium MC events in which the signal recorded from

some BGO bars is saturated. The color scale represents the intensity of the signal

in the logarithm of the energy. In the core of the shower, where the signal should
be high, some boxes are white indicating a saturated signal.

energy could be underestimated because of Birk’s quenching effect, which translates
to a shower energy underestimation, as well. This effect has been studied for the
BGO calorimeter of DAMPE with beam tests and flight data, resulting in a more
significant effect for particles with high charge and low-velocity [82] while being
negligible for protons. The correction parameters for helium nuclei were obtained
and included in the MC simulations to investigate how Birk’s quenching affects the
deposited energy. The results show that this effect has its maximum for primary
energies around ~ 80 GeV, where the detected energy deposition would be ~ 2%
lower than it should be. The effect is added to the simulation by using the function
below, which has been obtained by comparing helium MC events with and without
the quenching effect.

- Epco.sar- (4.1)

—0.38
Etrue
Epco =

14+0.075 - [ ——tue
0075 (IOGeV/n

The energy deposited by MC helium nuclei in the calorimeter of DAMPE was cor-

rected using the previous formula, including the effect of saturation.

4.1.2 Shower containment in the calorimeter

The depth of the DAMPE calorimeter in terms of nuclear interaction lengths is

~ 1.6, which implies partial containment of the hadronic showers inside the calorime-
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ter volume. To investigate this effect, MC proton+helium selected events can be
used. Specifically, the ratio between the deposited energy in the calorimeter and the
primary energy, for various bins, is shown in Fig. 4.2. The mean value and the sigma
of each distribution are extracted by fitting them using an asymmetric Gaussian
function.

The parameters obtained with the aforementioned procedure are shown in
Fig. 4.3 and 4.4 with respect to the primary energy of proton and helium nuclei.

It follows that the fraction of energy deposited in the calorimeter for protons and
helium nuclei goes from ~ 48% at ~ 75 GeV to ~ 32% at ~ 75 TeV. This is expected
considering that the depth of the calorimeter is ~ 1.6 nuclear interaction lengths and
~ 32 radiation lengths (Xj). Indeed, the first nuclear interaction happens on average
at 2/3 of the calorimeter depth which corresponds to ~ 20 Xy, and the remaining
1/3 of the calorimeter (~ 10 X)) is sufficient to absorb the electromagnetic part of
the hadronic shower (~ 1/3 of the total energy of the primary particle). When low
energy particles are considered, taking also into account the detector material that
they traverse before reaching the BGO volume, they can interact in the first bars of
the calorimeter, causing a larger percentage of shower containment (i.e. ~ 48% at

75 GeV, as shown in Fig. 4.3).

4.1.3 Unfolding procedure

Given that the hadronic shower is not fully contained in the calorimeter, a
method has to be used in order to infer the real p+He spectrum starting from
the observed one, while taking into account the bin-to-bin migration of the events.
Specifically, an unfolding procedure based on the Bayes’ theorem [83], previously also
adopted in other experiments such as Fermi-LAT [84-86], is applied. The detector
response is predicted using MC simulations of p+He after applying all the selection
cuts described in the previous chapter. The number of selected p-+He events in the
BGO energy bin i, N(E}), caused by a certain number of p+He events in the jth
bin of primary energy N (Eg[,), observed with a probability P (E’O|Egr)7 is:

N(Ep) = ZP (Eo| Er) N(Ex). (4.2)
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Figure 4.2: Ratio between energy deposited in the BGO (BGO Energy) and
primary energy (MC Energy) for p+He MC selected events in various bins of
primary energy: (a) 100.0 GeV - 177.8 GeV, (b) 316.2 GeV - 562.3 GeV, (c)
1.0 TeV - 1.8 TeV, (d) 3.2 TeV - 5.6 TeV, (e) 17.8 TeV - 31.6 TeV, (f) 56.2 TeV -
100.0 TeV. The distributions are fit with an asymmetric Gaussian function, shown
with a red line.
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The number N(E}) of observed events, is shown in Fig. 4.5. The probability
P (EZO]EJT) (called smearing matriz) is obtained from p+He MC simulations, after
applying all the selection cuts and re-weighting the events according to a power-law
of the energy E=29. In order to obtain the real number of events N (F3.), the smear-
ing matrix is inverted iteratively using the Bayes’ theorem to retrieve the so-called
response matrix, which is shown in Fig. 4.6 and can be expressed as follows:

P (Ep|Er) P (Er)

P(E\E0) = S~ (55 15) P (B5) (43)
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Figure 4.5: Distribution of energy deposit in the BGO for selected p+He flight
events before the unfolding procedure.

The color scale on the z-axis of the matrix represents the conditional probability
that the p+He candidates with incident energy E&, are observed with an energy E(j)
deposited in the calorimeter. Finally, the number of p+He events in bins of primary

energy is obtained using the formula:
N(EF) = Y P (BylEb) N(E)). (14)
j=1

The reconstructed energy distribution after the unfolding procedure is shown in Fig.

4.7.
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4.2 Statistical uncertainties

The statistical uncertainties in the flux are related to the fluctuations in the num-
ber of detected events following a Poisson distribution. The statistical uncertainties
estimation could be affected by the bin-to-bin migration, due to the unfolding pro-
cedure used to obtain the primary particle energy. To overcome this problem, a

toy-MC method, consisting of the following steps, has been used:

e 10000 p+He counts distributions are generated in various energy bins following
a Poisson probability with the mean value given by the real number of events

in each energy bin;

e the generated distributions are unfolded using the same procedure that is used

for the spectrum;

e after the unfolding, the number of events in each bin follows a Gaussian dis-

tribution as shown in Fig. 4.8, for some of them;

e the resulting distributions are fit with a Gaussian function, from which mean

value (u) and standard deviation (o) are extracted;

e the % values, shown in Fig. 4.9 give an estimation of the fractional statistical

uncertainty.

In Fig. 4.10 statistical uncertainties resulting from the unfolding procedure and from
the toy-MC method are compared, showing the underestimation of uncertainties
from the unfolding alone, especially at the highest energies. The statistical uncer-
tainties obtained with the toy-MC procedure will be used for the proton-+helium

spectrum.
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Figure 4.8: Generated counts distributions after the unfolding, in various bins of
primary energy. The Gaussian fit function is shown in red and the parameters
resulting from the fit are reported in the panel.
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4.3 Flux calculation

The flux for each energy bin (®;) can be written as follows:

AN,
N AT x AZ X AEl

b, (4.5)
with AN; number of events in the i-th energy bin after the unfolding (see Fig. 4.7),
AT total live time (see section 3.1.1), A; acceptance in the i-th bin (see Fig. 3.18),
and AFE; width of the i-th energy interval. The p+He flux is shown in Fig. 4.11 in
the energy range 46 GeV - 316 TeV, multiplied by E?7. Error bars represent the
lo statistical uncertainties obtained using the toy-MC procedure described in the

previous section.
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Figure 4.11: The p+He energy spectrum obtained with this analysis in the energy

range 46 GeV - 316 TeV, multiplied by E*7 and with error bars representing the
statistical uncertainties only.

4.4 Systematic uncertainties

The applied selection cuts and the choices or assumptions made during the anal-
ysis procedure can result in systematic uncertainties in the p+He flux measurement.

They will be described and evaluated in this section.
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4.4.1 Efficiency validations

As shown in equation 3.5, fundamental ingredients for the calculation of the
effective acceptance are the selection cut efficiencies (i.e. high energy trigger, track
reconstruction, charge selection). An eventual difference in efficiency between MC
and flight data can be a source of systematic uncertainty on the final spectrum. For
this reason, the efficiency evaluation and the MC/data difference will be described
in this section, finally quantifying their contribution to the systematic uncertainties

on the p+He flux.

High Energy Trigger efficiency

The activation of the High Energy Trigger (HET) is required in this analysis
(see section 3.2.1). Apart from the HET, there are other three implemented triggers
in DAMPE and among these, the Unbiased Trigger (UNBT) has minimum require-
ments (the DAMPE trigger logic is described in section 2.7), therefore the HET

efficiency can be estimated using the following formula:

NHET|UNBT

, (4.6)

€EHET =
NunBr

where Nyprunpr is the number of events satisfying both HET and UNBT trigger
criteria. The HET efficiency for the p+He analysis is presented in Fig. 4.12, showing
the comparison between MC and flight data. The difference between the two is
shown in the bottom panel of Fig. 4.12, and the value of ~ 4% is taken as systematic
uncertainty on the HET efficiency. As explained in section 2.7, different triggers have
different pre-scaling factors and in particular, the UNBT trigger has a pre-scale
factor of 1/512 (1/2048) when the satellite operates in (out of) the geographical
latitude range [-20°; 20°]. For this reason, the flight data error bars in Fig. 4.12

become large when going to high energy, where fluxes are much lower.

Charge selection efficiency

In order to evaluate the charge selection efficiency, instead of taking the PSD
global energy deposit given by the averaged signal recorded by the 2 PSD layers,
the charge measurement is performed using the PSD layers X and Y separately. The

smearing correction is also applied on the MC PSD signal differentiating layers X and
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Figure 4.12: HET efficiency considering MC (in blue) and flight data (in red) of
p+He. In the bottom panel, the ratio between MC and flight data is shown.

Y. In appendix C a sub-sample of the plots produced to perform the charge selection
on layers X and Y, for flight data and MC, are reported. As said before, the STK
can also be used for charge selection roughly up to Z=8, but with lower resolution
with respect to the PSD (see section 2.4). Therefore, in addition to the signal read
by the PSD, the information given by the STK can also be used to evaluate the
charge selection efficiency. This is done by (i) requiring a signal in the first STK
plane (on both X and Y layers), (ii) taking the combined STK signal defined as:
(STKx+STKy)/2, (iii) looking at the proton and helium peaks in the STK and
(iv) selecting a range in ADC counts in which we expect to find proton and helium.
The STK signal was divided in bins of BGO energy showing that a constant cut of
STK signal lower than 400 ADC is adequate to select a p+He sample (see figures
in appendix C). The efficiency for the two PSD layers can finally be computed as

follows:
Npsp,|PsD,|STK:
€psSp, = N (47)
PSD,|STK,
Npsp,|PsD,|STK,
€EPSDy, = . (48)

Npsp,|sTK,
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4. Proton+helium: the energy spectrum

In eq. 4.7 and 4.8, epsp, (€psp,) represents the charge selection efficiency for the
first (second) PSD layer, N PSD1|PSDs|STK, 18 the number of p+He events selected
using the information from both PSD layers and the STK plane, and Npgp,|sTxk,
(Npsp,|sTk,) are the events selected using only the second (first) PSD layer and the
STK signal. The charge selection efficiencies for both PSD layers are shown in Fig.
4.13 and 4.14. The results from flight data are compared with MC data showing a
negligible difference up to ~ 100 GeV, which becomes ~ 1% for higher energy, and
reaches ~ 3% for energy larger than 1 TeV only for the first layer.
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Figure 4.13: In the top panel the efficiency for the first layer of the PSD, for MC
(in blue) and flight data (in red) of p+He. In the bottom panel, the ratio between
MC and flight data is presented.

Track reconstruction efficiency

The event selection procedure includes the track reconstruction. It follows that
also the difference in track selection efficiency for MC and flight data can be a
source of systematic uncertainties. To estimate such efficiency, the p+He selection
procedure is repeated from the beginning exploiting the BGO track selection capa-

bilities and removing completely the STK contribution. The STK track efficiency
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Figure 4.14: In the top panel the efficiency for the second layer of the PSD, for MC
(in blue) and flight data (in red) of p+He. In the bottom panel, the ratio between
MC and flight data is presented.

can therefore be expressed as:

Nsrr|Bco|psp

(4.9)

€track =
e Npco|psp

where Npgopsp is the number of events selected with the BGO track and PSD
charge, and Ngri|co|psp is the number of events passing the STK track selection
(as done in the standard analysis procedure). The STK track efficiency for MC and
flight data is shown in Fig. 4.15, with the bottom panel representing their ratio.
The difference is found to be ~ 2% and it’s added in quadrature to the previously

discussed systematic uncertainties.

4.4.2 Hadronic interaction model

The total systematic uncertainties are dominated by the hadronic interaction
model (also called physics list) chosen for the MC simulations. For this work, the

GEANT4-FTFP_BERT! interaction model is used because it is in better agree-

"https://geant4-userdoc.web.cern.ch/UsersGuides/PhysicsListGuide/html/
reference_PL/FTFP_BERT.html
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Figure 4.15: Track selection efficiency considering MC (in blue) and flight data (in
red) of p+He. In the bottom panel, the ratio between MC and flight data is shown.

ment with flight and test beam data [51, 60, 87| with respect to other models. The
systematic uncertainty introduced by this choice can be evaluated by computing the
spectrum using different models and comparing the results. As reported in section
3.1.2, additional MC samples were produced using the FLUKA DPMJET-3 [73-76]
physics list for helium and the GEANT4-QGSP _BERT? for protons. The spectra
obtained with different hadronic models are shown in Fig. 4.16 along with their
ratio (in the bottom panel). Their difference reaches a maximum value of ~15%
at 100 TeV. This is also the limit of the simulated MC proton QGSP_BERT sam-
ple and for this reason, the difference could be overestimated. Nonetheless, as a
safe choice, the systematic uncertainty on the hadronic model is set at ~15% from

100 TeV onwards.

4.4.3 Spectral weight

The p and helium MC events are produced with a power-law spectrum with an

energy dependence E~'. The MC samples are then re-weighted according to an E=26

’https://geant4-userdoc.web.cern.ch/UsersGuides/PhysicsListGuide/html/
reference_PL/QGSP_BERT.html
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Figure 4.16: Comparison between the p+He spectra computed using different
hadronic interaction models for the MC simulations. The spectra are shown in the
top panel and their ratio is reported in the bottom panel.

power law, following both theoretical expectations and experimental observations
(see sections 1.2 and 1.4). The effect of applying different weights such as E72® and
E~27 was investigated resulting in a negligible difference in the final p-+He spectrum.

For this reason, the spectral weight was not included in the systematic uncertainties.

4.4.4 MC proton and helium mixture

In the energy range of interest for this work (from tens of GeV to hundreds of
TeV), the CR proton and helium abundances are of the same order of magnitude.
Nonetheless, recent results from DAMPE on the proton and helium spectra |3, 9]
show that protons are more abundant than helium up to ~ tens of TeV, and he-
lium nuclei start becoming predominant at higher energy. The flux resulting from
the analysis presented in this thesis was obtained by assuming the same amount
of proton and helium in the MC simulations (50% proton and 50% helium). The
systematic error related to this choice is evaluated by computing the p+He spec-
trum anew assuming an energy-dependent proton and helium abundance obtained
by fitting the DAMPE proton and helium spectra |3, 9]. The resulting fluxes and
their ratio are shown in Fig. 4.17, with a difference of ~ 5% at low energy and ~ 2%
for energies higher than 10 TeV. These percentages are taken as further systematic

uncertainty to the final flux.
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Figure 4.17: In the top panel the p+He spectrum computed assuming in the
unfolding procedure (open circles) the same proton and helium abundance and
(filled circles) an energy-dependent abundance extracted from the fits to the
DAMPE proton and helium spectra [3, 9]. In the bottom panel the ratio between
the two spectra. See text for more details.

4.4.5 BGO saturation correction

In section 4.1.1 the corrections to the energy deposited in the calorimeter were
introduced. In particular, the correction for the saturation of the signal in the BGO
was found to be more important for helium nuclei (see Appendix B and [54]) and
for this reason, the parameters used to account for the saturation, in this analysis,
are the ones extrapolated when considering helium. Since protons are included in
this analysis as well, the spectrum was computed again by applying the proton
correction parameters. The difference between the two spectra is shown in Fig. 4.18

and is included in the systematic uncertainties.

4.5 Results: the p+He energy spectrum

The statistical and systematic uncertainties discussed in the previous sections
are shown in Fig. 4.19. The different contributions to the systematic uncertainty are
shown both individually with different colors and summed together (in quadrature)
with a dark grey line. From Fig. 4.19, it’s evident that the main source of uncertainty

in the spectrum comes from the comparison between different hadronic interaction
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Figure 4.18: In the top panel the spectrum computed correcting the saturation of
the signal in the BGO using the helium parameters is compared with the one
computed using the proton parameters. In the bottom panel their ratio is
presented.

models.

In Fig. 4.20 the p+He flux is presented in the energy range from 46 GeV to
316 TeV, multiplied by E?7 for better visualization of the spectral features. Error
bars represent the 1o statistical error while the continuous bands represent the sys-
tematic uncertainties on the analysis procedure (inner band) and the total system-
atic uncertainties, including also the uncertainty on the hadronic interaction model
(outer band).

The results from this work are shown in Table 4.1. E, E;,,, and Ep;g, are the me-
dian energy and bin edges of the corresponding p+He flux ®. The uncertainties are

ana g4 O.had

o s (systematic uncertainties

indicated with oy (statistical uncertainty), o

on the analysis procedure and on the hadronic interaction model, respectively).

4.6 Fit of the spectrum and comparison with
DAMPE results on proton and helium alone

The proton-+helium spectrum exhibits a clear spectral hardening around 600 GeV
consistent with results obtained by other experiments |2, 4-6, 10-17, 40] and previous

DAMPE results on the proton [3| and helium [9] spectra. Additionally, the p+He
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Figure 4.19: Statistical and systematic uncertainties for the p+He spectrum.
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Figure 4.20: The p+He energy spectrum measured with this work, between 46 GeV
and 316 TeV. Statistical uncertainties (1o) are represented by error bars, while the
continuous bands represent the systematic uncertainties on the analysis (inner
band) and the total systematic uncertainties, including the one on the hadronic
model (outer band).
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Table 4.1: The p+He flux along with the 1o statistical error and the systematic

uncertainties coming from the analysis and hadronic interaction models
respectively. E, Ey,,, and Ep;gp, are the median energy and bin edges of the
corresponding flux .

E Eiow Ehign D+ oyt Ogys £ J?ﬁf

[GeV| [GeV] [GeV] [GeV—tm =25 Lsr™!]

56.23 46.42 68.13 | (3.31 £ 0.00073 £ 0.24 + 0.49) x10~
82.54 68.13 100.00 | (1.17 £ 0.00035 £ 0.08 #+ 0.17) x10~
121.15 | 100.00 146.78 | (4.12 4 0.0016 & 0.30 + 0.51) x107%2
177.83 | 146.78 215.44 | (1.45 4 0.0074 & 0.11 £ 0.18) x107%2
261.02 | 215.44 316.23 (5.13 £ 0.035 £ 0.37 & 0.63) x107%

383.12 | 316.23 464.16 (1.81 4 0.017 £ 0.13 £ 0.18) x107%

562.34 | 464.16 681.29 (6.46 4 0.079 £ 0.47 £ 0.65) x10~%
825.40 | 681.29 | 1000.00 | (2.34 £ 0.039 £ 0.17 £ 0.22) x10~*
1211.53 | 1000.00 | 1467.80 (8.60 & 0.19 & 0.69 + 0.84) x107%

1778.28 | 1467.80 | 2154.44 | (3.17 £ 0.094 + 0.26 £ 0.38) x107%
2610.16 | 2154.44 | 3162.28 | (1.20 4 0.046 £ 0.10 £ 0.15) x10~%
3831.19 | 3162.28 | 4641.59 (4.63 4 0.23 4 0.39 4 0.57) x107%

5623.40 | 4641.60 | 6812.90 (1.76 4 0.12 4 0.14 4 0.21) x107%

8254.00 | 6812.90 | 10000.00 | (6.65 & 0.57 £ 0.52 & 0.79) x10~7

12115.30 | 10000.00 | 14678.00 | (2.53 £ 0.28 £ 0.16 £ 0.28) x107°7

17782.80 | 14678.00 | 21544.30 | (0.96 4+ 0.14 #+ 0.06 £ 0.11) x10~°7

26101.60 | 21544.30 | 31622.80 | (3.57 £ 0.67 £ 0.24 £ 0.40) x107%

38311.90 | 31622.80 | 46415.90 | (1.25 4 0.33 4= 0.08 4 0.14) x107%

56234.00 | 46416.00 | 68129.00 | (4.04 £ 0.15 £ 0.31 £ 0.48) x10~%
82540.00 | 68129.00 | 100000.00 | (1.35 & 0.068 4 0.10 £ 0.19) x107%
121153.0 | 100000.0 | 146780.0 | (4.49 + 0.33 £ 0.32 £ 0.74) x1071°
177828.0 | 146780.0 | 215444.0 | (1.59 + 0.16 + 0.11 £ 0.26) x1071°
261016.0 | 215444.0 | 316228.0 | (5.70 £ 0.73 £ 0.40 £ 0.95) x10~!

spectrum shows a softening feature in the energy region around 25 TeV which was
detected for the first time by DAMPE in both proton and helium spectra ([3], [9]).
The evidence of the softening in the p+He analysis is a robust cross-check on this
feature for the proton or helium alone analyses. Indeed, the proton spectrum is
affected by the background coming from helium nuclei and vice versa, while the
combination of the two nuclei eliminates this source of uncertainty and assures the
significance of the softening feature. It follows that the flux, ®(F£), deviates from a

single power law model and can be well described by a smoothly broken power law
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(SBPL) function, such as:

O(E) = B, <%) h {1 + (E%)] o , (4.10)

where @ is the flux normalization, v the spectral index before the break energy (Ep),
A~ the difference between the spectral index before and after the break and s the
smoothness of the break. Moreover, to take into account the systematic uncertainties,

the x? function is defined as follows:

Xzzizi; {q)(Ez‘)S(Enw)—@irJri(lf w.j>2, (4.11)

O stat,i j=1

where ®; is the measured p+He flux, ®(F;) the SBPL model predicted flux in each
corresponding energy bin, S(FE;,w) is a piece-wise function defined by its value
w; in a specific energy range covered by the j-th nuisance parameter (w), Osiar,
the statistical uncertainty of the measurement in the i-th energy bin, and oy ; is
the relative systematic uncertainty of the data in such an energy range, defined as

Osysj = <\/ (gana)2 4 (J’md)Q) /®. An analogous procedure was adopted in [66], [3],

sys sys

[9] and [65]. To investigate the softening feature, the p-+He flux is fit in the energy
range from 7 TeV to 130 TeV, using the formulae 4.10 and 4.11, with 2 nuisance
parameters w (assigned to the energy ranges before and after the predicted softening,
respectively) and fixing the smoothness (s) to 10, for consistency with the DAMPE
proton and helium fit of the softening [3, 9]. The fit is shown in Fig. 4.21 and the

results are reported in Table 4.2.

Table 4.2: Results of the SBPL fit in the softening energy region for the p+He
spectrum (this work).

Py (GeV ' m2s7tsr!) | (1.36 + 0.09) x 1074
E, (TeV) 26.4 + 3.6
¥ 2.52+£0.02
Ay 0.38 = 0.06
s 10 (fixed)
%/ dof 0.25/2

The significance of the softening is estimated by fitting the same energy region
(from 7 TeV to 130 TeV) with a single power law function. The latter gives the result
of x?/dof = 48.14/4, which translates to a significance of 6.69¢ in favor of the SBPL
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Figure 4.21: Fit of the p-+He spectrum (in red) with a SBPL function (in black).
Statistical uncertainties are represented by error bars. In shaded bands the
systematic uncertainties on the analysis (inner band) and total, including the
contribution from the hadronic model (outer band).

model, the highest significance of the softening measured so far. In the highest energy
part, the p+He spectrum shows a possible additional hardening around 150 TeV,
also suggested by the HAWC collaboration [88]. In this work, the significance of this
third feature is still too low but it could eventually be confirmed in the future by
collecting more statistics and adopting novel analysis techniques.

Furthermore, this work can be compared with the previously published DAMPE
proton and helium results [3, 9]. In Fig. 4.22 the three DAMPE spectra are plotted
together and compared showing good internal consistency considering also that the
three works were performed by different working groups, using independent analysis
methods. The parameters estimated with the SBPL fit of the softening in the three
analyses are compared in Table 4.3. The values obtained for E, suggest a rigidity-
dependent softening feature, even though a mass dependence will eventually be
ruled out only by collecting additional statistics and improving the analysis towards

reducing the systematic uncertainties, or from the analysis of heavier nuclei spectra.
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Figure 4.22: Comparison between (red circles) p+He spectrum, (red triangles)
DAMPE helium spectrum [9] and (magenta diamonds) DAMPE proton spectrum
[3]. The systematic uncertainties are shown with blue and light-blue bands for the
p+He spectrum, while they are indicated with dashed and continuous lines for the

proton and helium spectra. The outer band (or continuous lines) represents the
total systematic uncertainties while the inner band (dashed lines) doesn’t include
the uncertainty on the hadronic model. Error bars correspond to the 1o statistical

uncertainties.

Table 4.3: Results of the SBPL fit in the softening energy region for the DAMPE
proton [3], helium [9] and p+He spectra (this work). For the helium results, the
systematic uncertainties from the hadronic model are represented by the second

€ITor.
Proton Helium Proton-+Helium
E, (TeV)  13.677% 34475700 26.4 + 3.6
v 2.60 4+ 0.01  2.4175:02+0.02 2.52 4 0.02
Ay —0.2540.07 —0.51F518H000 038 +0.06
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4.7 Comparison with other experimental results

The last part of this chapter concerns the comparison between this work and the
p+He results obtained by other experiments. The DAMPE p+He flux is presented
in Fig. 4.23 multiplied by E*” with other direct measurements and in Fig. 4.24

multiplied by E?, compared with indirect p-+He measurements.

3

,T—\ 60 T TTTT I| T T T TTTTT T T T TTTTT T T T TTTTT T T
(\:V_J | p+He -
£ B #  ATIC (2006) n
,J” 50— Y CREAM-III (2017) |
> B NUCLEON (KLEM; 2017) n
8 L ® DAMPE (this work) a
= L _
W 40— —
S - _
l\. — -

N

iy L _
30— —
20{— —
- | } —
10— —
O_Illllll 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| 1 I_

5

10° 10° 10* 10
Primary energy (GeV)

Figure 4.23: The p+He energy spectrum measured with this work, between 46 GeV
and 316 TeV, compared with direct measurements of p+He made by ATIC-02 [7],
NUCLEON [6] and CREAM [10]. Statistical uncertainties (1o) are represented by
error bars, while the continuous bands represent the systematic uncertainties on
the analysis (inner band) and the total systematic uncertainties, including the one
on the hadronic model (outer band).

As can be seen, the DAMPE p-+He spectrum extends for the first time, with
unprecedented precision, up to 316 TeV, showing clear evidence of the softening at
26.4 £+ 3.6 TeV with the high significance of 6.70. The high-energy limit reached by
ATIC is ~ 30 TeV, CREAM-III goes up to ~ 90 TeV, while NUCLEON extends
to more than 200 TeV, but the reported uncertainties are large and the spectral
behavior in the highest energy region is not well defined. Apart from the extension
to higher energy, the result from this work shows smaller uncertainties, while being

in agreement with other direct measurements at low energies.
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Figure 4.24: The p+He energy spectrum measured with this work, between 46 GeV
and 316 TeV, compared with indirect measurements from ARGO-YBJ-+WFCT
[42], HAWC [43], KASCADE [44]| and EAS-TOP+MACRO [45]. Statistical
uncertainties (1) are represented by error bars, while the continuous bands
represent the systematic uncertainties on the analysis (inner band) and the total
systematic uncertainties, including the one on the hadronic model (outer band).
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Another interesting outcome of this work (which is also one of the main moti-
vations behind performing this spectral measurement) is the possibility of having a
comparison between direct and indirect detection experiments. In general, the latter
can hardly separate different CR species, but some of them were able to distinguish
light and heavy CR components, consequently giving the possibility of comparing
measurements performed from the ground and from space. The DAMPE spectrum
is in agreement with the results reported from HAWC, MACRO-+EAS-TOP and
ARGO-YBJ, further confirming the softening and giving the hint of a second hard-
ening for energy larger than 100 TeV (also proposed by HAWC in [88]), before a
possible knee below 1 PeV. As described in section 1.4, the CR all-particle spec-
trum exhibits two major features which are the knee at ~ 3 PeV and the ankle at
~ 5 EeV. Focusing on the first feature, various interpretations were given on its
nature over the past years (see section 1.6.3 for further detail) one of these being
the transition of the CR composition from light to heavy. If this is the case, the
observed knee at ~ 3 PeV should be the result of the superimposition of different
CR species knees, starting from lower energy for the light component and progres-
sively going to higher energy for heavier nuclei. In this context, the measurement of
ARGO-YBJ suggests the presence of a light-component knee at ~ 700 TeV while
also showing a very good agreement with DAMPE at low energies. In addition to
this scenario, KASCADE suggested two possible evolutions of the p+He spectrum,
based on the selected hadronic interaction model (QGSjet01 or SIBYLL-2.1), as
shown in Fig. 4.24. The aforementioned results open multiple possibilities for the
p+He spectrum. A light component knee could be present just below 1 PeV (be-
fore the all-particle knee) as suggested by ARGO-YBJ. The spectrum could soften
slowly from ~ 100 TeV to tens of PeV, following the higher-energy knee reported
by KASCADE-SIBYLL-2.1. There could be another hardening at hundreds of TeV,
linking the DAMPE spectrum with the KASCADE-QGSjet01 one, with the knee
foreseen at PeV energies (as the previous one). Finally, new unexpected features
could come out from a precise direct measurement at higher energy. A direct in-
vestigation of the PeV energy region would possibly aid in answering fundamental
questions of CR physics such as the nature of the knee, finally giving a hint on
the maximum achievable energy of galactic accelerators. Moreover, considering that
indirect measurements rely on interaction models more than direct ones (leading to

larger uncertainties in the measurements), it is essential to compare ground-based
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results with precise measurements from space since this could give a sort of calibra-
tion at low energies, thus reducing the uncertainties at larger energies. A significant
contribution was given by this result on the p+He spectrum.

In conclusion, the comparison with both space-based and ground-based experi-
ments shows a generally good agreement, within the uncertainties while also unveil-
ing new spectral features. The DAMPE p+He spectrum allowed measuring the soft-
ening at tens of TeV with unprecedented significance while exploring the high-energy
region with remarkably small uncertainties, which could become even lower by col-
lecting more statistics and with improved analysis methods (i.e. adopting machine
learning techniques as described in [89], [90], [91] and performing accurate studies on
the hadronic models). Moreover, in the future, the spectrum could be extended to
higher energies with upcoming space-based experiments such as HERD [21], even-
tually confirming the presence of a light-component knee at energies below the knee
of the all-particle spectrum. Additionally, the study of heavier nuclei can shed new
light on the nature of the softening, finally defining whether it is a mass or charge
dependent feature, and confirming the transition to a heavier GCR population in the
knee energy region. Precise measurements made by space-borne instruments in the
unexplored TeV-PeV energy region are fundamental to finally revealing distinctive

features of high-energy CRs.
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This work described the p-+He spectral measurement in the energy range between
46 GeV and 316 TeV using 72 months of data collected with the DAMPE satellite.

The motivation behind this study has its roots in investigating fundamental
cosmic ray (CR) properties. It follows that a description of CR physics is needed
to introduce this work. For this reason, after a short introduction, in Chapter 1
CRs were characterized starting from their discovery more than 100 years ago and
continuing with the development of various experimental techniques, optimized for
their study, going from deep underwater to outside the Earth’s atmosphere. At
the same time, CR models were in development with the aim of explaining the
observations and predicting what could be happening in extreme corners of the
universe. Throughout the years, improved measurements provided extremely precise
results on the energy spectra of CR nuclei revealing unexpected features. Specifically,
the single power-law energy spectrum predicted for galactic CRs, below the all-
particle knee, seems to be not valid anymore and has been replaced by a smoothly-
broken power-law spectrum with at least two changes of slope. The first one consists
of a hardening of the GCR spectra at hundreds of GeV and has been extensively
measured and confirmed by several direct measurements. The second one is a novel
softening feature at tens of TeV, measured for the first time by DAMPE in the
proton and helium spectra and recently confirmed by the CALET collaboration for
protons. While the hardening feature seems to be due to a change in the diffusion
coefficient and has been widely studied in recent years, the change of slope at tens of
TeV (softening) raised new questions and needs to be further investigated in order
to clarify its nature (e.g., acceleration, propagation, or maybe the presence of nearby
sources). Specifically, more precise measurements could exclude any contamination
or detector effect. Moreover, further analyses on other nuclei or with lower statistical

and systematic uncertainties could clarify whether the softening is a mass-dependent
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or charge-dependent feature.

Direct measurements made with calorimetric experiments explored the high-
energy region up to tens of TeV, with small uncertainties. Beyond this energy, only
ground-based experiments were able to provide results, often affected by large uncer-
tainties. Indeed, indirect measurements of the combined p-+He spectrum, obtained
discrepant results regarding the exact energy of the knee, possibly suggesting a light
component knee occurring at lower energy than the all-particle one.

This scenario led to the study discussed in this thesis. A combined p+He anal-
ysis allows applying loose analysis cuts while keeping the contamination low with
respect to studying proton or helium separately. This implies a noticeable increase
in statistics, thus the possibility of extending the spectrum to energies previously
unexplored from space, building an overlapping region between direct and indirect
CR measurements.

The p+He spectrum has been studied using the data collected with the DAMPE
satellite. In order to provide a better understanding of this analysis, Chapter 2
presented a description of the experiment. The scientific goals and a selection of the
obtained results have been reported, along with the various sub-detectors, each one
playing an important and distinct role in achieving the p-+He measurement.

The following two chapters fully described the analysis procedure. Chapter 3
gave a detailed account of the event selection process, highlighting the specific con-
tributions of each individual DAMPE sub-detector and how they are combined in
order to extract information about incoming particles and nuclei. Finally, the chap-
ter concluded with the definition of the p+He sample of interest, selected from the
millions of data collected every day by the DAMPE satellite.

Afterwards, in Chapter 4, the energy reconstruction process has been described.
The procedure begins with the calorimeter measurement that is coupled with ac-
curate MC simulations, to obtain the energy of the primary particle adopting a
Bayesian unfolding procedure. The chapter also covers the evaluation of statistical
and systematic uncertainties associated with this measurement. Finally, the p+He
energy spectrum has been presented and compared with DAMPE results on proton
and helium alone, as an internal cross-check.

The p+He spectrum presented in this study confirms the hardening and soft-
ening features observed in the proton and helium spectra. The softening has been

studied through a smoothly-broken power-law fit, yielding the remarkable signifi-
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cance of 6.70, thus discarding any contamination or detector effect. The DAMPE
p-+He spectrum obtained in this thesis extended the direct measurements to a pre-
viously unexplored energy region with unprecedented uncertainties. This work has
been therefore submitted for publication and can be found at [20]. The obtained
result suggests the presence of unexpected features while also giving important con-
tributions to a better understanding of the effect of hadronic interaction model un-
certainties. The emerging picture strongly suggests the need for a next-generation
(larger exposure) calorimetric space-based experiment, able to fully explore the PeV

region for protons and heavier nuclei.
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Appendix A

Proton+Helium Charge Selection

The selection of proton+helium (p+He) candidates has been illustrated in sec-
tion 3.2.3. Specifically, the signal recorded in the Plastic Scintillator Detector (PSD)
of DAMPE is mainly defined by the particle’s charge (according to the Bethe-Bloch
formula) and also depends on the particle’s primary energy. In order to take into
account the aforementioned characteristics, the signal recorded in the PSD is com-
bined with the energy deposited in the BGO calorimeter (BGO Energy hereafter)
event per event, resulting in an energy-dependent charge selection. For what con-
cerns this analysis, the signal acquired using the 4 PSD layers, is combined in a
single value of deposited energy that was identified with the name of PSD Global
energy and is defined in eq. 3.1. The proton+helium PSD global energy deposit
results in two peaks (as shown in the figures reported in this appendix) and is fit
in different bins of BGO energy, using a Landau (to consider the expected energy
distribution of energy deposit by an ionizing particle) convoluted with a Gaussian
function (representing the detector effects). The same procedure is applied to data
from the satellite (called flight data), shown in Fig. A.1, A.2 and A.3 and Monte
Carlo simulated data (MC), reported in Fig. A.4, A.5 and A.6.
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A.1 PSD deposited energy distribution for flight
data

x10° x10°

o A e 9 AT e Rma e S e
s T ] 507+ 3
14 {  Flight data - 8 {  Flight data ]
° ] 206 ]
émzl —— Langaus fit protons 7 é ' — Langaus fit protons 3
= E - =1 ]
= f —— Langaus fit helium Zos —— Langaus fit helium
n N 0.4 —
0.8 — ]
0.6} { 0.3 7:
O.Ai 4 02 E
02F J 0.1 E
G: 5 | | | : 0 it L L L B
0 20 25 30 35 40 20 25 30 35 40
PSD Gilobal Energy (MeV) PSD Gilobal Energy (MeV)

(a) (b)

10° 10°

2 R e e e SN A e =
sosb | Flight dat E S f { Flight dat 1
5 b ight data 1 12l ight data B
825 —— Langaus fit protons ] gt —— Langaus fit protons
2 [ ) i i 2 0.1— . . -
= f — Langaus fit helium 4 ="t — Langaus fit helium
02f 3 [ ]
r ] 0.081— -
015 7 L ]
r R 0.06/— -
01— i 0.04— .
005 - 0.02— .
Ld N : i \ J A T g S r— : . J

% 5 10 15 20 % 5 10 15 20

25 30 35 40 25 30 35 4
PSD Gilobal Energy (MeV) PSD Global Energy (MeV)

(c) (d)

Figure A.1: Distributions of PSD Global energy for various BGO energy bins: (a)
25 GeV - 39 GeV, (b) 39 GeV - 63 GeV, (c¢) 63 GeV - 100 GeV, (d) 100 GeV -
158 GeV. The flight data distributions of proton and helium are shown with grey
points, along with their LanGaus fits, in blue for protons and magenta for helium.
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Figure A.2: Distributions of PSD Global energy for various BGO energy bins: (a)
158 GeV - 251 GeV, (b) 251 GeV - 398 GeV, (c) 398 GeV - 630 GeV, (d) 630 GeV -
1000 GeV, (e) 1.0 TeV - 1.6 TeV, (f) 1.6 TeV - 2.5 TeV. The flight data
distributions of proton and helium are shown with grey points, along with their
LanGaus fits, in blue for protons and magenta for helium.
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Figure A.3: Distributions of PSD Global energy for various BGO energy bins: (a)
2.5 TeV - 4.0 TeV, (b) 4.0 TeV - 6.3 TeV, (c) 6.3 TeV - 10.0 TeV, (d) 10.0 TeV -
31.6 TeV, (e) 31.6 TeV - 100.0 TeV. The flight data distributions of proton and

helium are shown with grey points, along with their LanGaus fits, in blue for
protons and magenta for helium.
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A.2 PSD deposited energy distribution for MC data
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Figure A.4: Distributions of PSD Global energy for various BGO energy bins: (a)
25 GeV - 39 GeV, (b) 39 GeV - 63 GeV, (c¢) 63 GeV - 100 GeV, (d) 100 GeV -
158 GeV. The MC distributions of proton (in blue) and helium (in magenta) are
shown, along with their LanGaus fits (green lines).
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Figure A.5: Distributions of PSD Global energy for various BGO energy bins: (a)
158 GeV - 251 GeV, (b) 251 GeV - 398 GeV, (c) 398 GeV - 630 GeV, (d) 630 GeV -
1000 GeV, (e) 1.0 TeV - 1.6 TeV, (f) 1.6 TeV - 2.5 TeV. The MC distributions of
protons (in blue) and helium (in magenta) are shown, along with their LanGaus
fits (green lines).
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Figure A.6: Distributions of PSD Global energy for various BGO energy bins: (a)
2.5 TeV - 4.0 TeV, (b) 4.0 TeV - 6.3 TeV, (c) 6.3 TeV - 10.0 TeV, (d) 10.0 TeV -
31.6 TeV, (e) 31.6 TeV - 100.0 TeV. The MC distributions of protons (in blue) and
helium (in magenta) are shown, along with their LanGaus fits (green lines).
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Appendix B

BGO saturation correction

The BGO calorimeter is the DAMPE fundamental detector for energy measure-
ment and for electron-proton separation (the description of this sub-detector is given
in section 2.5). Each BGO crystal is read out on both ends by one PMT instrumented
with 3 dynodes, each one with a different gain, resulting in a wide dynamic range
(see Fig. 2.12). One of the DAMPE main scientific goals is to measure CR nuclei up
to hundreds of TeV. For the highest-energy events, the energy deposited in a single
BGO bar can exceed tens of TeV, causing the saturation of the low gain channel,
thus losing the deposited energy information, for that particular high-energy event.
Specifically, for proton and helium nuclei, this effect starts taking place from an
energy deposit of ~ 20 TeV. An example of helium saturated event is presented in

Fig. B.1.
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Figure B.1: Event display representing a helium event in the DAMPE detector
with a saturated BGO bar. The white box on the shower axis is the saturated bar,
while the other white boxes are bars in which there is no energy deposit, or a
deposition lower than the threshold [54].
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B. BGO saturation correction

Considering that the energy information in the saturated bar is lost, a method
has been developed to estimate this missing value, based on the energy deposited
in the neighboring BGO crystals. The details of this method are illustrated in [54]
and will be briefly reported hereafter. The correction is performed in two steps. The
first step consists in estimating the energy deposit in the saturated bar by looking
at the signal in its left and right neighboring bars, through the variable npgr defined
as follows:

E ax,j
M. . (B.1)
Enax,j + Eleft,j + ERight,j

R, =

FEhax,j represents the maximum deposited energy in the j-th BGO layer while
Eret,; and ERgigne ; are the energy deposit in the left and right neighboring bars.
Afterwards, nr ; is computed for different values of primary energy and fit with a
polynomial function of the energy deposit in a layer. Considering that the bar with
the maximum energy deposition will be the saturated one, an initial assumption is
made on the energy deposit which is Egat j = 5.5+ (ELest,; + FRignt,;).- Combining the
aforementioned initial assumption with the results from the fit, 7 ; is estimated

again and the energy of the saturated bar is evaluated as:

"ILR,j

1 - (ELet,j + Eright.j) - (B.2)
— TLR,j

ESat,j =

A first energy estimation for the saturated crystal is obtained with the procedure
described above. As a second step, a more accurate energy value for the saturated
bar can be obtained by considering the longitudinal development of the shower,
hence looking at the energy deposit in the layers above and below the saturated bar.

Consequently, an additional variable nup is defined as:

EMaxj
nup,; = : . B.3
! EMax,j + ELeft,j + ERight,j + EUp,j + EDown J ( )

The estimated nyp; is computed for different values of primary energy and fit
with a polynomial function of the total deposited energy (estimated using the first
step of this correction procedure). Also nyp ; is estimated anew, leading to a more

accurate evaluation of the energy of the saturated bar, given by the following for-
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B. BGO saturation correction

mula:

Egatj = % X (ELett,j + Eright,; + Eupj + Ebown,;) (B.4)
7]

The reported method is valid when there is no more than one saturated BGO
crystal in the same layer, and it showed good performance in reconstructing the
energy released in the calorimeter for events up to 200 TeV, with uncertainty associ-
ated with the correction at the level of ~ 2%. In order to reach higher energies, the
method has been improved to consider and correct also the situation in which more
than one saturated bar is present on the same BGO layer. Specifically, a correction

variable 7 is defined as:

. MZH(EL, ER)

— Lo ) B.5
g ]\4CLJ}(E'L,E'R)7 ( )

where E, (ER) is the energy recorded in the bar on the left (right) of the saturated
one. This correction is computed for all the BGO layers, up to 1 PeV of primary
energy, and then associated with the left-right correction (7 r). The ratio between
simulated energy (Fgi.) and deposited energy after correction for saturation (E.)
is shown in Fig. B.2 for MC helium nuclei from 10 TeV to 1 PeV of primary energy.
The old method represents the correction with only one saturated bar per layer,
while the new method is valid also for adjacent saturated bars.

As can be inferred from Fig. B.2, this method works well for recovering the
energy deposit in saturated BGO crystals. The same ratio E.,./FEgm, is shown in
Fig. B.3 for various energy of the incident helium nuclei. The performance of this
correction is very good up to ~ 600-700 TeV, and some loss of linearity is present
above this energy.

The developed method is fundamental and well-performing for the extension of

CR energy spectra up to hundreds of TeV energy.
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Figure B.2: Performance of the BGO saturation correction method for MC helium
nuclei with energy between 10 TeV and 1 PeV. The histograms represent the ratio
between simulated energy and deposited energy in the calorimeter in blue before
the correction, in green with the correction applied only with one saturated bar
per layer, and in red when more bars saturate (with the latter being important for
primary energies larger than 200 TeV) [92].

ECor/ESimu

0.9}

0.8}
0.7}
0.6

O

ny

.05

1

——

d

Uncertai

0.95

%900 200 300 400 500 600 700 800 900
Incident Energy [TeV]

Figure B.3: Ratio between deposited energy after the latest correction for the BGO
saturation (case of adjacent saturated bars) and simulated energy for MC helium.
The method is effective up to hundreds of TeV, showing a slight loss of linearity

after 600-700 TeV. The bottom panel shows the 1o uncertainty on the
correction [92].
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Appendix C

Charge selection efficiency

After applying the selection cuts, their efficiencies are evaluated to compute the
effective acceptance, which is a fundamental ingredient for performing the flux mea-
surement. The same selection procedure is applied to MC data and flight data, and
their efficiencies are compared, in order to evaluate their impact on the systematic
uncertainties. Specifically, the charge selection efficiency has been discussed in sec-
tion 4.4.1, and a sub-sample of the plots needed in the efficiency estimation process
are reported in this appendix. The charge selection efficiency evaluation is performed
by looking at the signal recorded with the PSD layers X and Y separately, in vari-
ous bins of energy deposited in the BGO (BGO energy), for MC and flight data, as
shown in Fig. C.1, C.2, C.3, C.4. The MC distributions are then corrected based on
the energy deposit of flight data in the PSD, using the formula 3.2. The distributions
are fit using a Landau convoluted with a Gaussian function (LanGaus) to extract
the parameters reported in Fig. C.5, C.6, C.7, C.8, before the smearing correction
and in Fig. C.9, C.10, C.11, C.12, after the smearing correction. The charge selection

efficiency is evaluated using the following equations:

_ Npsp,+PsD,+5TK, C1
€EpsSp, = N ) ( : )
PSD2+STK,
. _ Npsp,+PSD,+5TK; (C.2)
PSD2 - . .
Npsp,+sTK,

where epsp, (€psp,) represents the charge selection efficiency for the first (second)
PSD layer, Npsp, +psp,+sTk, 1s the number of p+He events selected using the infor-
mation from both PSD layers and the STK plane, and Npsp,sti, (Npsp,+s7K;)

are the events selected using only the second (first) PSD layer and the STK signal.
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C. Charge selection efficiency

The signal recorded in the STK is reported in Fig. C.14 and C.13. More details on
the STK charge selection procedure are given in section 4.4.1. The efficiencies result-
ing from this process are given in Fig. 4.13 and 4.14, where the comparison between
flight data and MC data shows that their difference is negligible up to ~ 100 GeV
and it reaches the maximum value of ~ 3% for energy larger than 1 TeV only for

the first PSD layer.
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X for flight data
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Figure C.1: Distributions of energy deposited in the layer X of the PSD for various
BGO energy bins: (a) 39 GeV - 63 GeV, (b) 158 GeV - 251 GeV, (c¢) 398 GeV -
630 GeV, (d) 2.5 TeV - 4.0 TeV. The Flight data distributions of proton and
helium are shown, along with their LanGaus fits.
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C.2 Distributions of energy deposit in PSD Layer
Y for flight data
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Figure C.2: Distributions of energy deposited in layer Y of the PSD for various
BGO energy bins: (a) 39 GeV - 63 GeV, (b) 251 GeV - 398 GeV, (c) 1.0 TeV -
1.6 TeV, (d) 4.0 TeV - 6.3 TeV. The Flight data distributions of proton and helium
are shown, along with their LanGaus fits.
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C.3 Distributions of energy deposit in PSD Layer
X for MC data
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Figure C.3: Distributions of energy deposited in layer X of the PSD for various

BGO energy bins: (a) 39 GeV - 63 GeV, (b) 100 GeV - 158 GeV, (c) 251 GeV -

398 GeV, (d) 4.0 TeV - 6.3 TeV. The MC distributions of proton (in blue) and
helium (in magenta) are shown, along with their LanGaus fits (green line).
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C.4 Distributions of energy deposit in PSD Layer
Y for MC data
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Figure C.4: Distributions of energy deposited in layer Y of the PSD for various

BGO energy bins: (a) 39 GeV - 63 GeV, (b) 100 GeV - 158 GeV, (c) 251 GeV -

398 GeV, (d) 2.5 TeV - 4.0 TeV. The MC distributions of proton (in blue) and
helium (in magenta) are shown, along with their LanGaus fits (green line).

115



C. Charge selection efficiency

C.5 MPV and Width before the smearing correc-

tion
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Figure C.5: Most probable value (MPV) of the LanGaus fit for (a) protons and (b)
helium in the X layer of the PSD, with respect to the energy deposited in the
BGO. MC data (in red) and flight data (in blue) are shown, along with their fit

functions and with the parameters extracted from the fit.
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Figure C.6: Most probable value (MPV) of the LanGaus fit for (a) protons and (b)
helium in the Y layer of the PSD, with respect to the energy deposited in the
BGO. MC data (in red) and flight data (in blue) are shown, along with their fit
functions and with the parameters extracted from the fit.
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Figure C.7: Width of the LanGaus fit for (a) protons and (b) helium in the X layer
of the PSD, with respect to the energy deposited in the BGO. MC data (in red)
and flight data (in blue) are shown, along with their fit functions and with the
parameters extracted from the fit.
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parameters extracted from the fit.
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C.6 MPYV and Width after the smearing
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Figure C.11: Width of the LanGaus fit for (a) protons and (b) helium in the X
layer of the PSD after the smearing correction, with respect to the energy
deposited in the BGO. MC data (in red) and flight data (in blue) are shown, along
with their fit functions and with the parameters extracted from the fit.
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Figure C.12: Width of the LanGaus fit for (a) protons and (b) helium in the Y
layer of the PSD after the smearing correction, with respect to the energy
deposited in the BGO. MC data (in red) and flight data (in blue) are shown, along
with their fit functions and with the parameters extracted from the fit.
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C.7 Distributions of energy deposit in the STK for
MC data
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Figure C.13: Proton and helium simulated STK signal for energy deposited in the
calorimeter in the range (a) 100 GeV - 1 TeV, (b) 1-10 TeV and (c) 10-100 TeV.
The red dashed line represents the cut at 400 ADC Counts applied to compute the
charge selection efficiency.
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C.8 Distributions of energy deposit in the STK for
flight data
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Figure C.14: Proton and helium STK signal in the data collected with the
DAMPE satellite for energy deposited in the calorimeter in the range (a) 100 GeV
-1 TeV, (b) 1-10 TeV and (c¢) 10-100 TeV. The blue dashed line represents the cut

at 400 ADC Counts applied to compute the charge selection efficiency.
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Appendix D

Report of Ph.D. Activities

D.1 Publications

e “Measurement of the cosmic p+He energy spectrum from 46 GeV to
316 TeV with the DAMPE space mission”, F. Alemanno et al. (DAMPE
Collaboration) [20]. A paper based on this thesis. Submitted to PRL.

e “Detection of spectral hardenings in cosmic-ray boron-to-carbon and boron-
to-oxygen flux ratios with DAMPE” F. Alemanno et al. (DAMPE
Collaboration) [8].

e “Preliminary tests of Plastic Scintillator Detector for the High Energy cosmic-
Radiation Detection (HERD) experiment”, F. Alemanno, C. Altomare, F.C.T.
Barbato, P. Bernardini, P.W. Cattaneo, I. De Mitri, F. De Palma, L.. Di Venere,
M. Di Santo, P. Fusco, F. Gargano, D. Kyratzis, F. Loparco, S. Loporchio, G.
Marsella, M.N. Mazziotta, F.R. Pantaleo, A. Parenti, R. Pillera, M. Pullia, A.
Rappoldi, G.L. Raselli, M. Rossella, D. Serini, L. Silveri, A. Surdo, L. Wu, for
the HERD collaboration [93].

e “Assembly and test of prototype scintillator tiles for the plastic scintillator
detector of the High Energy Cosmic Radiation Detection (HERD) facility”,
C. Altomare, F. Alemanno, F.C.T. Barbato, P. Bernardini, P.W. Cattaneo, I.
De Mitri, F. De Palma, P. Dipinto, L. Di Venere, M. Di Santo, P. Fusco, F.
Gargano, D. Kyratzis, F. Liciulli, F. Loparco, S. Loporchio, G. Marsella, M.N.
Mazziotta, M. Mongelli, F.R. Pantaleo, M. Papagni, A. Parenti, R. Pillera,
A. Rappoldi, G.L. Raselli, M. Rossella, D. Serini, L. Silveri, A. Surdo, R.
Triggiani, for the HERD collaboration [94].

e “A complete MC optical photons tracking simulation of Plastic Scintillator
Detectors for the next generation of satellite experiments”, C. Altomare, F.
Alemanno, F.C.T. Barbato, P. Bernardini, P.W. Cattaneo, I. De Mitri, F.
De Palma, L. Di Venere, M. Di Santo, P. Fusco, F. Gargano, D. Kyratzis,
F. Loparco, S. Loporchio, G. Marsella, M.N. Mazziotta, F.R. Pantaleo, A.
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Parenti, R. Pillera, A. Rappoldi, G.L. Raselli, M. Rossella, D. Serini, L. Silveri,
A. Surdo, for the HERD collaboration [95].

“Latest results from the DAMPE space mission”, Francesca Alemanno on be-
half of the DAMPE collaboration [96].

“Search for relativistic fractionally charged particles in space”, F. Alemanno et

al. (DAMPE Collaboration) [97].

“The DAMPE Space Mission: Status and Main Results”, Francesca Alemanno
on behalf of the DAMPE collaboration [98].

“Search for gamma-ray spectral lines with the DArk Matter Particle Explorer”,
F. Alemanno et al. (DAMPE Collaboration) [67].

“Observations of Forbush Decreases of Cosmic-Ray Electrons and Positrons
with the Dark Matter Particle Explorer”, F. Alemanno et al. (DAMPE
Collaboration) [99].

“A neural network classifier for electron identification on the DAMPE experi-
ment”, D. Droz, A. Tykhonov, X. Wu, F. Alemanno, G. Ambrosi, E. Catanzani,
M. Di Santo, D. Kyratzis, S. Zimmer [89].

“Measurement of the light component (p-+He) energy spectrum with the
DAMPE Space Mission”, F. Alemanno, P. Bernardini, A. De Benedittis, 1.
De Mitri, Z. Wang [100].

“The Plastic Scintillator Detector of the HERD space mission”, D. Kyratzis,
F. Alemanno, C. Altomare, F.C.T. Barbato, P. Bernardini, P.W. Cattaneo,
I. De Mitri, F. de Palma, L. Di Venere, M. Di Santo, P. Fusco, F. Gargano,
F. Loparco, S. Loporchio, G. Marsella, M.N. Mazziotta, F.R. Pantaleo, A.
Parenti, R. Pillera, A. Rappoldi, G. Raselli, M. Rossella, D. Serini, L. Silveri,
A. Surdo, L. Wu [101].

“Direct Measurement of the Cosmic-Ray Iron Spectrum with the Dark Matter
Particle Explorer”, Z. Xu, F. Alemanno, P. Ma, L. Silveri, Q. Yuan [102].

“Measurement of the Cosmic Ray Helium Energy Spectrum from 70 GeV
to 80 TeV with the DAMPE Space Mission”, F. Alemanno et al. (DAMPE
Collaboration) [9].

“A preliminary study of influence of backsplash on the plastic scintillator detec-
tor design in HERD experiment”, P. Hu, Z. Wang, F. Gargano, F. Alemanno,
C. Altomare, T. Bao, Y. Dong, V. Formato, D. Kyratzis, N. Mori, L. Pacini,
Z. Quan, D. Serini, J. Wang, R. Wang, M. Xu, B. Wu [103].

“Correction Method for the Readout Saturation of the DAMPE Calorimeter”,
C. Yue, P. Ma, M. Di Santo, L. Wu, F. Alemanno, P. Bernardini, D. Kyratzis,
G. Yuan, Q. Yuan, Y. Zhang [54].
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e “Comparison of proton shower developments in the BGO calorimeter of the
Dark Matter Particle Explorer between GEANT4 and FLUKA simulations”,
W. Jiang, C. Yue, M. Cui, X. Li, Q. Yuan, F. Alemanno, P. Bernardini, Z.
Chen, T. Dong, G. Donvito, D. F. Droz, P. Fusco, F. Gargano, D. Guo, D.
Kyratzis, S. Lei, Y. Liu, F. Loparco, P. Ma, G. Marsella, M. N. Mazziotta, 1.
De Mitri, X. Pan, W. Peng, A. Surdo, A. Tykhonov, Y. Wei, Y. Yu, J. Zang,
Y.-P. Zhang, Y .-J. Zhang, Y.-L. Zhang [61].

e “The Quenching Effect of BGO Crystals on Relativistic Heavy Ions in the
DAMPE Experiment”, Y. Wei, Y. Zhang, Z. Zhang, L. Wu, H. Dai, C. Liu, C.
Zhao, Y. Wang, Y. Zhao, P. Jiang, Y. Wang, F. Alemanno, M. Di Santo, E.
Catanzani, X. Wang, Z. Xu, G. Huang [82].

D.2 Workshop and Conferences (talks and organi-
zation)

e UHECR2022: 6th International Symposium on Ultra High Energy Cosmic
Rays, Oct 2022, L’Aquila, Italy. Part of the local organizing committee.

e Vulcano Workshop 2022 - Frontier Objects in Astrophysics and Particle
Physics, Sep 2022, Elba Island, Italy. Invited talk: "Measurement of Cosmic
Ray spectra with DAMPE and future prospects with the HERD space mis-
sion".

e COSPAR 2022 - 44th Scientific Assembly, Jul 2022, Athens, Greece. Talk:
"Measurement of proton and helium energy spectra with the DAMPE space
mission".

e Recontres de Moriond - Very High Energy Phenomena in the Universe, Mar
2022, La Thuile (AO), Italy. Invited talk: "Latest results from the DAMPE
space mission". Chair of one of the cosmic ray sessions.

e Twentieth Lomonosov Conference on Elementary Particle Physics, Aug 2021,
Online. Talk: "The DAMPE space mission: status and main results".

e 37th International Cosmic-Ray Conference (ICRC 2021), Jul 2021, Online.
Talk: "Measurement of the light component (p+He) energy spectrum with
the DAMPE space mission".

e 106° Congresso Nazionale SIF, Sep 2020, Online. Talk: "Measuring light ele-
ments in space with the DAMPE mission".

e 105° Congresso Nazionale SIF, Sep 2019, I.’Aquila, Italy. Talk: "Measurement
of the cosmic-ray proton + helium spectrum with DAMPE". Volunteer helping
with conference activities.
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D.3 Attended schools

e Twelfth I.N.F.N. International School on architectures, tools and methodolo-
gies for developing efficient large-scale scientific computing applications, Oct
2021, Bertinoro (FC), Italy. Talk: "The HERD space mission"

e VIII International Geant4 School, Nov 2019, Belgrade, Serbia.

e Joint 9th IDPASC SCHOOL and XXXI INTERNATIONAL SEMINAR of
NUCLEAR and SUBNUCLEAR PHYSICS "Francesco Romano", Jun 2019,
Otranto, Italy.

D.4 Collaboration meetings

e Bi-weekly working group meetings of DAMPE and HERD. Several presenta-
tions on work updates, in the period 2019-2023.

e 10th international DAMPE workshop, May 2022, online. Talk: "The p+He
spectral measurement".

e DAMPE EU collaboration meeting, Jul 2020, online. Talk: "Update on the
light element (p-+He) analysis and studies towards the measurement of the
heavy component (Fe)".

e 8th HERD Workshop, Dec 2019, Xi’an, China. Talk: "GEANT4-based simula-
tion of light production/propagation/detection in bar-shaped PSD with SiPM
readout @ GSSI".

D.5 Outreach activities

e SHARPER (European Researcher’s night), Sep 2019 - Sep 2021, L’Aquila,
Italy.

e 7th GSSI Astroparticle physics Science Fair, Mar 2021, Online. Talk: "The
HERD space mission: overview and ongoing activities".

e International Cosmic Day (ICD), Nov 2019 - Nov 2020, L’Aquila, Italy.
e Premio Asimov (Asimov Prize), Apr 2019 - Apr 2020, Online.

e Outreach Cosmic Ray Activities (OCRA stage), Apr 2019, L’Aquila, Italy.
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