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Espectro total de energia de rayos c6smicos medido con el observatorio HAWC

por Jorge Antonio MORALES SOTO

Resumen

Este trabajo presenta la medicién del espectro total de energia de los rayos c6smi-
cos en laregion de 10 TeV a 1 PeV, una de las regiones que han sido poco exploradas
en las mediciones actuales del espectro de rayos c6smicos. El espectro se reconstruy6
mediante el andlisis de 5.3 afios de datos del Observatorio HAWC (High Altitude
Water Cherenkov), ubicado a gran altitud, medidos con dngulos cenitales de hasta
35 . El método de reconstruccion se basé en la técnica de deconvolucién bayesiano,
usando simulaciones Monte Carlo en el marco del modelo de interacciones hadréni-
cas de altas energfas QGSJET-1I-04. Uno de los resultados importantes de este trabajo
es la confirmacién de la presencia de un corte en el espectro de energia, cuya posi-
cién se establecié en 40.2 1.0(stat.)+2:i(sys.) TeV. Se observo que el cambio en el
indice espectral es de Dg = 0.19  0.01 (stat.) +8:8§(sys.). Este estudio ofrece una
contribucién importante al conectar las mediciones de experimentos directos e indi-
rectos, lo que es esencial para avanzar en la comprensién del origen, la aceleracién
y la propagacién de los rayos c6smicos.

Palabras clave: HAWC, rayos césmicos, espectro total de energia, método de
deconvolucién, chubascos atmosféricos extendidos de particulas.
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by Jorge Antonio MORALES SOTO

Abstract

This work presents the measurement of the total cosmic-ray energy spectrum
in the 10 TeV to 1 PeV range, one of the regions with the one of the least explored
regions of the spectrum in current cosmic-ray spectrum measurements. The spec-
trum was reconstructed by analyzing 5.3 years of data from the High Altitude Wa-
ter Cherenkov observatory (HAWC), with zenith angles up to 35 . The analysis
implements the Bayesian unfolding technique as the main reconstruction method,
employing QGSJET-II-04 simulations. A key finding is the confirmed presence of a
knee-like spectral feature, whose position was located at 40.2 1.0(stat.)+g:i(sys.) TeV.
It is observed a variation in the spectral index Dg = 0.19  0.01 (stat.) +8:8§’(sys.).
This study makes an important contribution by connecting measurements from di-
rect and indirect experiments, which is essential for enhancing our knowledge of
the cosmic ray sources, their primary acceleration mechanisms, and how they travel
across the Universe.

Key words: HAWC, cosmic rays, total energy spectrum, unfolding method, ex-
tensive air showers.
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Introduction

The all-particle energy spectrum of cosmic rays has been a subject of research due
to its relation with the origin, acceleration, and propagation of this radiation [1-4].

In particular, the energy region between 10 TeV and 1 PeV has gained increasing in-
terest over the years because it represents the overlap region for direct and indirect
cosmic-ray observations. However, it remained poorly explored due to technologi-
cal limitations in both methods.

The soviet program of the PROTON satellite series [5] started the exploration
of this energy region in the 1960s. As part of these missions, the Proton-4 satellite
[6], launched on November 1968, analyzed the all-particle cosmic-ray energy spec-
trum for energies between 300 GeV  E 1 PeV [6]. These results led the way
for other direct experiments to further explore the energy spectrum of TeV cosmic
rays, like the balloon-borne detectors ATIC [7], CREAM-II [8], MUBEE [9], JACEE
[10], and RUNJOB [11], and the satellite mission SOKOL [12]. The data collected by
these experiments in the TeV region suffers from large uncertainties due to statisti-
cal limitations. For detailed studies on the properties of cosmic rays with energies
within 103 eV E 10! eV, better statistics and lower systematic errors are
needed. More recent direct detectors, like the satellite-borne experiment NUCLEON
[13], have measured the energy spectrum of TeV cosmic rays with reduced statistical
uctuations.

Complementary to the direct measurements, there are indirect experiments ded-
icated to the observation of the spectrum around the knee covering the TeV re-
gion. Some of the early contributions of indirect cosmic-ray data in the TeV region
were provided by Tien-Shan [14] and BASJE [15]. While indirect measurements of-
fer better statistical precision than direct methods, their interpretation depends on
hadronic interaction models, which are used for reconstructing data from earlier
EAS experiments, like Tien-Shan and BASJE, are now considered outdated.

Recent technological and theoretical advances have led to the current generation
of cosmic ray experiments, that contribute to reduce the gap between direct and
indirect cosmic ray spectrum measurements inthe 10 TeV E 1 PeV range, with
meaningful data comparisons. This experiments include satellite experiments such
as NUCLEON [13] and DAMPE [16-18], and ground-base observatories like HAWC
[19] and LHAASO [20], among others (see Fig. 1).

In particular, HAWC was designed for observing both gamma rays and cosmic
rays, with a strong sensitivity to TeV cosmic rays. In 2017, a study of the all-particle
cosmic-ray energy spectrum using HAWC data, between 10 TeV and 500 TeV, re-
vealed a softening at 45.7 1.1(stat) TeV, indicating a variation in the spectral index
[22]. This scenario was later supported by NUCLEON with the observation of a
softening at TeV energies [23]. To this date, the source of such spectral softening
remains a mystery. Current experimental evidence from direct and indirect mea-
surements suggests a correlation between the softening in the total spectrum and
the presence of individual cutoffs observed in the proton and helium nuclei spec-
tra at similar energies [23-26]. The rst evidences of these structures came from
the balloon-borne experiment CREAM-III data [27], and further observations made



FIGURE 1: The all-particle energy spectrum and the individual elemen-

tal groups of cosmic rays are displayed in this graph. Also shown, the

measurements of the intensity of charged and neutral particles. Image
source]21].

by ATIC-2 [7] and NUCLEON [24] supported such results. More recently, the di-
rect measurements made by DAMPE [28, 29], NUCLEON [23] and CALET [30, 31]
con rmed these steepenings in the light mass cosmic-ray components.

Cosmic-ray models, such as the one described in [32], propose that galactic cos-
mic rays up to PeV energies originate from violent galactic events like supernova
explosions [33]. These models suggest that diffusive shock acceleration within the
remnants of these supernovae (SNRs), potentially in uenced by non-linear effects
[34], is the primary mechanism for their origin [35—-38]. After acceleration, these par-
ticles escape from the source and travel diffusively through the interstellar space,
bouncing around as a result from the interactions of the cosmic rays with the Milky
Way magnetic eld [39—-41]. All these models predict a at cosmic ray spectrum
across the TeV energy range. Thus, the presence of softenings in the total and light
spectra of cosmic rays invites to revisit the current theories about this radiation, and
also motivates further investigation with existing and future experiments. More in-
tricate scenarios are needed, potentially incorporating: additional mechanisms at
the production stage [42], different propagation effects [43, 44], and the possibility
of multiple populations of cosmic ray sources [45—-47].

The combined data from direct and indirect experiments provide crucial con-
straints for theoretical models of cosmic ray acceleration and propagation. Thus,
the comparison between cosmic-ray data from direct and indirect experiments is
essential to understand the nature of cosmic rays with energies within 10 12 eV
E 10! eV. In addition, this process helps to detect and understand any system-
atic uncertainties that might be present in either techniques, identify areas of im-
provements for the design of future experiments, cross-check the results from both
techniques and increase con dence in the detailed measurements of the spectrum of
TeV cosmic rays. Recognizing the importance of continuous improvement, driven



by advancements in data analysis and the release of updated high-energy hadronic
interaction models like QGSJET-11-04 [48], the HAWC collaboration is committed
to updating its experimental simulations [49] and energy spectrum analysis. These
updates motivated the present work, which revises and improves the study of the
all-particle cosmic-ray energy spectrum measured with the HAWC observatory. In
comparison to [22], this analysis

1. Employs an updated set of simulated data that include a description of the per-
formance of the PMTS in HAWC and its effects in the reconstruction of the en-
ergy spectrum. The implementation of this simulations in the analysis helped
to reduced the experimental systematic errors in comparison with [22]. In ad-
dition, this new MC simulations were produced with QGSJET-II-04 !, which
is another advantage in comparison with the study of [22], where a previous
version of QGSJET-11-04 was used. In addition, the new simulations.

2. Uses 5.3 years of HAWC data with zenith angles g 35 for the analysis of the
energy spectrum. In[22], 7.7 months of datawith q 16.7 were analyzed. The
larger data sample increases the statistics in the nal result, while the increase
in the zenith angle range reduced the bias for the events with energies E
500 TeV due to saturation effects in the PMT.

3. As in [22], this study also employs the Bayes unfolding as the primary recon-
struction method for the total energy spectrum [50-52].

Although the cosmic ray events measured with HAWC are reconstructed with en-
ergies up to 1.4 PeV, the previous result reported in [22] was shown up to 500 TeV
due to large systematic uncertainties above E > 10°° TeV caused by reconstruction
effects and saturation in the PMTs. The improvements mentioned in the points 1
and 2 helped to reduce the systematic errors that affected the reconstruction of the
energy spectrum at the highest energies, thus allowing to extend the analysis of the
total energy spectrum measured with HAWC up to 1 PeV.

The structure of the present doctoral thesis is as follows: Chapter 1 summarizes
the relevant historical background on cosmic rays, as well a description of the state
of art on the eld, while Chapter 2 covers the phenomenon of extensive air showers
(EAS), how are they produced and how do they propagate through the atmosphere.
Chapter 3 explores the experimental methods employed in cosmic ray research, as
well as the description of some relevant detectors. Chapter 4 focuses in the HAWC
Observatory, its instrumental characteristics, operations, main results, and the char-
acteristics of the HAWC data as well as simulations employed in the present work.
The reconstruction method of the energy spectrum is presented in detail in Chapter
5, and the unfolded spectrum obtained in this work is presented in Chapter 6, along
with an analysis of the systematic uncertainties of the spectrum. The statistical and
systematic analyses implemented to study the shape of the unfolded result are de-
scribed in Chapter 7. Chapter 8 is dedicated to the discussion of the results obtained
in this work, which includes a comparison of the HAWC spectrum with data from
other experiments, and a review of potential physical models that provide new sce-
narios for the production of the recently discovered softening in the spectrum of TeV
cosmic rays. To conclude this study, the nal remarks and future work are presented
in Chapter 9.

1QGSJET-11-04 is a post-LHC hadronic interaction model.






Chapter 1

Cosmic rays: historical background
and physics models

Cosmic rays were of cially discovered by the Austrian physicist Victor Hess more
than 100 years ago when he reported the existence of a highly energetic type of ex-
traterrestrial radiationcoming outside of the atmosphere [53]. Ever since then, this
unique type of radiation has been under the eye of scientists around the world due
to the mysteries that surround its origin, production, and propagation in space.
Throughout history, the exploration of cosmic rays has been shaped by in uential
scientists, contributing to its status as a multidisciplinary eld of study.

This chapter outlines the most relevant milestones in the evolution of cosmic ray
studies and offers a brief review of the state of art of the eld.

1.1 Early studies

By the late XIX century, Charles de Coulomb, pioneer for its studies on the electrical
properties of charged bodies, and Sir Charles Vernon Boys, known for the develop-
ment of innovative experimental devices *, observed, independently, a phenomenon
related to metallic conductive bodies surrounded by air. In this particular case, it
was observed that these objects were subject to an electrical discharge, even under
controlled isolation conditions [54-56].

A clear example of this effect could be observed through an electroscope, a de-
vice employed to detect and quantify the electric charge on an object. The most
common con guration of an electroscope involves a glass container housing a pair
of metallic plates suspended from a metal bar standing out from the container, with
insulation between the bar and the container. However, even under optimal condi-
tions in which the loss of charge can be nearly eliminated, this device can't hold a
charge forever. A challenging scenario, since a body with an electrical charge must
retain it if it is isolated. Early attempts to explain this phenomenon were through
the atomic properties of matter. Atoms were known to be neutral, unless ionized
by loosing electrons. For example, a gas, such as air, is said to be ionized when its
atoms lose electrons, becoming positively charged molecules (called ions). In addi-
tion, the free electrons may attach to other molecules, forming negative ions. It was
proposed that the discharge effect observed in the metallic plates could be explained
by the constant ionizitation of the air inside the electroscope could explain. There-
fore, negative (positive) ions will be attracted to a positively (negatively) charged
plate, causing their discharge. This effect was thoroughly explored with different

1For example, the radiomicrometer for measuring the discharge rate of charged objects
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experiments and approaches, and encouraged the development of different theoret-
ical approaches in the spirit to describe the behavior of ions in air and to determi-
nate their source. Also, the observed discharge of electroscopes led to the creation
of more sophisticated experimental devices, like the electrometers, in order to make
more precise and reliable measurements of air conductivity.

The conductivity of the air became an active eld of study by the end of the XIX
century, lead by prominent contemporary scientists like the Scottish physicist C. T.
R. Wilson, and the German physicists H. F. Geitel and J. Elster. In particular, J. Elster
and H. F. Geitel, who were skilled experimentalists, inventors, and pioneer investi-
gators in atmospheric electricity, made contributions in air ionization. In 1900, the
experimental evidence produced by Elster and Geitel proved that air is an electrical
conductor and the ionization of the atmosphere, which they assumed was due to
the radioactivity 2 [58]. It was known by then the ionizing capabilities of radioactiv-
ity in gases. The idea of an ionizing radiation responsible for the air ionization was
supported by Travis Rimmer and Heinrich Mache, who, in the summer of 1906, dis-
covered that the intensity of the ionizing radiation uctuated according to weather
conditions [56]. The observations made by Rimmer and Mache provided strong evi-
dence that the ionization in the air was probably due to radioactive substances in the
environment, eventually leading to a better understanding of natural radioactivity
and its role in atmospheric phenomena [56].

Another contemporary physicist whose research focused on atmospheric elec-
tricity and the radioactive releases from the soil, was Hermann Ebert [59]. He was
pioneer in the measurement of ions at high altitudes and it is believed to be the pio-
neer of balloon-borne experiments for this purpose [56]. All of these studies led sci-
entists to develop the hypothesis that the ionizing radiation had a terrestrial origin.
Under this assumption, the effects of the radiation would be stronger near Earth's
crust and decrease with altitude, as it was expected to be attenuated in the air. Mache
continued his studies and later on stated that the ionizing radiation was made by
one part coming from natural radioactive elements present on the super cial lay-
ers of the terrestrial crust, and a second contribution from the decay of atmospheric
radioactive elements [56], after discovering seasonal uctuations in a year cycle.

Following the spirit of the trending line of research, Arthur Stewart Eve pro-
posed that due to the larger concentrations of radium in Earth crust relative to ocean
water, the ionization levels observed over solid ground should be greater than at the
surface of the ocean [60]. By 1899, one of E. Stwewart colleagues, the new zealander
physicist Ernest Rutherford, had already discovered a and b particles as capable of
ionizing gases, such as air [61], and later in 1900, Paul Villard discovered gamma
rays [62], the most penetrating type of radiation known by then [63].

Theodor Wulf created an advanced and precise electroscope (see g. 1.1) in com-
parison to the available models at the time. With this instrument, Wulf performed
several measurements of the ionizing radiation across Europe, speci cally in Bel-
gium, Germany, and The Netherlands [56, 64]. In particular, in 1908, along with
Albert Gockel, Wulf observed the ionizing intensity with two of his electroscopes
at the Alps, at observation levels that ranged from 600 m to 3000 m [63]. The mea-
surements from the electroscope showed no variation with altitude, which led them
to the conclusion that the radioactive substances in the Earth's crust [65] were re-
sponsible for the production of the radiation. Moreover, from the Eiffel tower, Wulf
made several measurements with the goal to demonstrate that the ionizing radi-
ation decreased with altitude and, in consequence, con rm that it was originated

2Discovered by Henri Becquerel in 1896 [57].
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FIGURE 1.1: The electroscope developed by T. Wulf was considered by

his contemporary colleagues as a state of the art instrument. Its de-

signed featured two quartz bers for the measurement of the ionizing
radiation. [64]. Image sourcd66].

at the upper layers of Earth crust. However, his observations diverged from this
hypothesis [56]. The fact that the radiation, considered mainly as gamma rays, at
the top of the tower was reduced by  50% in comparison to the measurements at
ground level was in tension with the hypothesis of the ionizing radiation emerging
from Earth's upper layer, and of the ionizing radiation. His ndings derived into
two possible scenarios: another source of radiation may exist in the atmosphere, or
a lower-than-anticipated absorption coef cient for ionizing radiation in air.

1.2 Air balloon ights: early stages

As mentioned before, to demonstrate the veracity of the hypothesis that the ionizing
radiation was produced by the radioactivity of the soil, many scientists developed
novel experimental devices and techniques for this purpose. Probably one of the
most relevant techniques are the balloon-borne measurements, which played a deci-
sive role in the discovery of cosmic rays.

According to the records [56], the rst balloon-borne measurements of the ioniz-
ing radiation phenomena were carried out by Hermann Ebert. In particular, between
1900 and 1901, H. Ebert performed 3 ballon-borne missions, and from the measured
data he reported that the altitude and the weather can in uence the rate of discharge.
The measurements were taken at altitudes up to 3,700 m.

Between September 1900 and August 1903, the meteorologist and geologist Franz
Linke conducted twelve balloon ights at high altitudes, six of which were made to
measure the ionizing radiation with an electrometer provided by Elster and Geitel.
His ndings, widely unrecognized, showed that the ionization levels between 1000
m and 3000 m altitude were similar or greater than at ground level, and the amount
of ionizing radiation increased signi cantly at 5500 m [63, 67]: "Would one compare
the presented values with those on ground, one must say that in 2000m altitude, where the
measurements in general began - the leakage (ionisation) is smaller than on ground. It is
between 1 and 3 km of the same amount, and above larger than on Earth, with values in-
creasing up to a factor of 4 (at 5500 m altitude), if the mean value at our latitude is 1.5%.
The uncertainties of the observations .... only allow the conclusion that the reason of the
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ionization has to be found rst in the Earti¥" This was probably the rst evidence on
how the ionizing radiation intensity increased with altitude, however his work was
unnoticed by the contemporary scientists of Linke, and to the date his work is rarely
mentioned.

Another pioneer in balloon-borne experiments was the German physicist Albert
Gockel who dedicated his carrier to the study ionizing radiation phenomena. In
particular, Gockel employed the balloon-borne technique [68]. On December 11,
1909, Gockel took off on his rst balloon ight, equipped with a Wulf-electrometer,
and reaching a maximum altitude of 4, 500 m approximately [68]. At low altitudes,
near the ground, the data measured by Gockel was consistent with the theory that
the radiation had a terrestrial origin, i.e, the intensity of the radiation was greater
at ground level than at air; however, at greater heights, he noted an unexpected
radiation increase, but the later was ruled out due to possible errors at the moment
of the measurement [69].

Motivated by his rst ight, Gockel conducted a second ight later in 1910, but
this time the maximum altitude of the ight was 2000 m approximately [68]. The
results gathered were consistent with his previous observations, to which Gockel
concluded that [68]: “ an in uence of the altitude on the ionization in the closed vessels was
not seen. It can be concluded that cosmic radiation if it exists at all, can only be a negligible
part of the penetrating radiatidri.

1.3 Discovery of cosmic rays and early years of research

On a different approach, the Italian physicist Domenico Pacini performed measure-
ments on the ground, and on top and above the ocean to demonstrate the origin of
the ionizing radiation [56, 70]. In 1910, Pacini conducted his rst measurements be-
low the water level at the Golfo Ligure [56]. The detectors were placed three meters
under the surface. With this study Pacini inferred that the water layer absorbed the
radiation from the Earth ground. Later in 1911, on board of a ship, Pacini measured
the ionizing radiation on top of the ocean surface, expecting to nd a smaller ioniza-
tion rate than on ground. However, the measurements were consistent regardless of
whether it was measured on ground or above the sea far from land. These results
led Pacini to assume the presence of another source of the ionizing radiation within
the air [56, 71], independent from the Earth crust contribution to this radiation.

Eventhough Theodor Wulf, Albert Gockel, and Domenico Pacini were rm be-
lievers of the terrestrial radiation hypothesis, their studies hinted the origin of this
radiation somewhere else. These observations paved the way to the eventual discov-
ery of the component of the cosmic radiation that we know today as cosmic raysby
Victor Hess in 1921, earning him the Nobel Prize from the Royal Swedish Academy
of Sciences in 1936.

Victor Franz Hess was an Austrian physicist and Nobel Prize laureate, born on
June 24, 1883, in the city of Styria, Austria. At the University of Vienna (under the
advice of the Professors Franz Exner and Egon von Schwiedler) Hess developed
an interest in the elds of radioactivity and atmospheric electricity. In 1910, Victor
Hess got a position at the Institut fur Radiumforschung of the Austrian Academy of
Sciences as an assistant of Stefan Meyer [56].

Later, in 1911, Victor F. Hess decided to perform ballon-borne measurements of
gamma-ray radioactivity and its absorption coef cient in the atmosphere. For his

3Translated fragment taken from [63]
4Quote translated from German.
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FIGURE 1.2: Photograph of Victor Hess dating to 1911. He is on board
of one of his famous balloon-borne expeditions. Image sourcg76].

observations, Hess employed [72]: "two Wulf radiation detectors with three-millimeter

thick walls, perfectly sealed and able to withstand all pressure variations during the ascents,
for the observation of the penetrating radiatioAfter his rst observations, Hess iden-

ti ed variations between the experimental data and theoretical models. Motivated

by his rst ight (see g. 1.2), Hess performed a series of 7 ballon ights during

day and night throughout 1912. In particular, during a solar eclipse on April 17th,

Victor Hess performed a balloon ight where he ascended to a maximum altitude

of 2,750 meters. He determined that the radiation intensity levels were independent

of the solar eclipse, thus excluding the Sun as the main main source of this ioniz-

ing radiation. In addition, Hess observations at the 2,000 m provided evidence that

the radiation was higher than at sea level. On August 7, 1921, V. Hess repeated his
observations on a balloon ight during a solar eclipse. This time, Hess reached a
maximum altitude of 5,3000 m approximately. Convinced by the results of this and

previous ights, Hess concluded the ionizing radiation increases as a function of the

altitude [72]: " The results of the present observations seem most likely to be explained by the
assumption that radiation of very high penetrating power enters from above into our atmo-
sphere, and even in its lowest layers causes part of the ionization observed in closed vessels
In addition, from his results between day and night measurements, Hess discovered

no signi cant differences [72-75].

To con rm Hess' results, the German physicist Werner Kolhorster made a several
balloon-borne measurements between 1913 and 1914, Kolhérster also found that the
intensity of the air ionization is a function of the altitude, becoming larger at the
upper layers of the atmosphere. With his ights, Kolhérster hit the 9,300 m a. s. |I.
mark, surpassing the altitudes reached by Hess [77].

On the other hand, contemporary scientists like the American physicist Robert
Andrews Millikan were opposed to the idea of an extraterrestrial radiation Instead,
Millikan supported the hypothesis of radioactive substances of the air that produced
radiation. Determined to prove his idea, Millikan set up electroscopes at varying
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depths up to 27 m inside the Mauir Lake and the Lake Arrowhead, both in Cal-

ifornia, USA °. Millikan conducted the experiment along with H. Cameron. They
shared the objective to observe the variations in the radiation intensity at different

water depth and altitude, thereby determining the origin of the ionizing radiation.

They found that the electroscope discharge rate continuously decreased as the de-
tectors were lowered deeper into both lakes [56]. Moreover, after correcting for the
altitude difference between both lakes, the ionization rates recorded at both sites
matched with each other. From these observations, Millikan and Cameron stated

the following [78]: " within the limits of observational error, every reading in Arrowhead
lake corresponded to a reading 6 feet (1.8 m) farther down in Muir Lake, thus showing that
the rays do come in de nitely from above and that their origin is entirely outside the layer
of atmosphere between the levels of the two"laksmvinced by his own experimental

data, Millikan introduced the term cosmic ray$79] and accepted the presence of the
cosmic radiation.

The charged nature of cosmic rays was proven in 1927 with the independent
studies from the Russian physicist Dimitry Skobelzyn, and Bothe and Kolhérster.
First, Skobelzyn analyzed the traces produced inside a cloud chamber, and deter-
mined these were induced by the passage of cosmic rays[80, 81]. Later, Bothe and
Kolhorster that the in uence of a magnetic eld curved the traces left by cosmic rays
[56, 82].

Later in 1930, the Italian physicist Bruno Rossi, based on the charged properties
of cosmic rays, proposed a model of a geomagnetic effect. This model predicted
that the ux of positively (negatively) charged cosmic rays would be greater from
the West (East) in comparison with the East (West) direction [83]. This effect was
con rmed by the experimental observations made by Arthur Compton and Luis Al-
varez [84], and Thomas Johnson [85], respectively. These studies prove a dominant
abundance of positively charged cosmic rays.

1.3.1 Anewwindow for cosmic-ray observations: the Extensive Air Show-
ers

The studies of air ionization measurements were signi cantly improved after the
creation of a counting tube by Hans W. Geiger and W. Mdller on July 7, 1928 [56,
86]. This new experimental device also had an impact on the designed and devel-
opment of coincidence counting systems [56], and therefore, may scientists quickly
adopted the counting tubes to their experimental set ups. In particular, B. Rossi of-
ten referred to the Geiger-Miller counter tubes as [83, 87]: "an open window to a hew
and unknown territory, with unlimited opportunities for exploratibnRossi employed co-
incidence counters for cosmic ray studies at high altitudes, like the experiment that
he conducted in Eritrea, Italy, at 2,370 m a.s.l., during the fall of 1933. Even though
his results were highly unnoticed by his contemporaries, his observations revealed
the existence of a new phenomenon [83]: 'very extensive showers of parti¢cleAnother
contribution to the cosmic-ray eld of study made by Rossi is the discovery of the
hardand softcomponents of the cosmic radiation at ground level. The hard compo-
nent is capable of penetrating a meter of lead, and Rossi identify it as muons. On the
other hand, the soft component has a less penetrating power and can be stopped by
a layer of dense material. This component is composed by gamma rays and e .

The observation of the extensive shower phenomena was con rmed by W. Kol-
hoster and Pierre Auger with independent experiments in 1938. With a setup of two

5Both lakes are located at an altitude of 3,540 m a.s.l. and 1,530 m a.s.l., respectively.
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particle counters positioned 10 meters apart from each other, Kolhéster made the
observation of a showerof secondary particles [88].

Later in 1938, motivated by the studies of Rossi on the hard and soft components
of the cosmic ray radiation, Auger conducted and experiment to measure these com-
ponents. The experimental set up consisted on an array of coincidence counters
placed several meters apart (O(300) m). From the observations made in the parti-
cles counters, Auger and his team proposed the existence of extensive air showers’
(EAS), and they speculated that this phenomena could extend for several hundreds
of squared meters and were produced at higher altitudes [89]. In addition, Auger
developed a method to calculate the primary cosmic-ray energy based on the lateral
widespread of the shower secondary particles. The larger the distribution, the more
energetic the primary particle was likely to be.

Nowadays, the pioneer constributions from B. Rossi and W. Kolhdster are recog-
nized, however many authors still point P. Auger as the responsible for the discovery
of the EAS. Without a doubt, this discovery is a cornerstone in the study of TeV and
PeV cosmic rays. The EAS detection technique has been also applied to study astro-
physical gamma rays from the sky. Gamma-rays are produced by two mechanisms,
lepton emission and hadronic interactions. Hence, their study can reveal the source
of cosmic rays. In 2021, the HAWC collaboration detected gamma rays with ener-
gies reaching at least 200 TeV emanating from the Cygnus Cocoon, a superbubble of
massive star formation [90]. This analysis suggests that these high-energy gamma
rays have an hadronic origin, i.e., they could be produced by cosmic rays with ener-
gies in the PeV range. In addition, this observations provide rst evidence of cosmic
ray production inside the regions of star formation. Later, in 2024, the LHAASO col-
laboration also reported the observation of an ultrahigh-energy gamma-ray bubble
within the Cygnus X region [91]. Based on their analysis of this region, the authors
propose the observation of a source of cosmic rays in the central region that ac-
celerates protons to energies beyond 10 PeV and injects them into the surrounding
medium, i.e. what is called a PeVatron.

Up to this point, the most iconic keystones and historical gures relevant in the
discovery of cosmic rays. The present thesis doesn't intend to make a deeper analy-
sis of the history of cosmic rays. For further details, the readers can refer to [56, 64,
83, 86, 92, 93] for additional information on cosmic-ray studies and related topics.

1.4 Cosmic rays

To this day we don't have full knowledge of the properties of this type of radia-
tion. Where are cosmic rays produced? How are they accelerated? and how do they
propagate in the universe remain as open questions. Thanks to observations made
by Fermi-LAT we know that TeV cosmic rays can originate in SNRs [94]. More re-
cently, the HAWC collaboration and the LHAASO collaboration reported evidence
of a PeVatron inside the Cygnus that can potentially accelerate cosmic rays up to
PeV energies [90, 91]. The energy spectrum of cosmic rays is extremely dependent
on their acceleration and propagation mechanisms as well as the sources [95, 96].
Thus, the meticulous and detailed study of the spectrum is a key factor in the devel-
opment and testing of the theoretical models that try to explain the origin, propaga-
tion, and acceleration of cosmic rays. Another key property of cosmic rays is their
mass composition, which can provide insights on their source properties and the
medium around it [97]. In addition, this type of radiation are essential to investigate

6At the time, Auger was unaware of the previous studies conducted by Rossi and Kolhoster.
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FIGURE 1.3: Gamma-ray sky map from Fermi-LAT data for energies be-

tween 50 MeV and 1 TeV. The location of four SNR's which are potential

cosmic ray sources are also shown. The images of such SNR's are shown

at the bottom. From left to right we have Cassiopeia A, W51C, W44, and

IC443. The data was collected with Fermi's Large Area Telescope [94].
Image sourceNASA/DOE/Fermi LAT Collaboration.

the physics of the high-energy processes that occur inside the galaxy. However, it is
dif cult to determine the sources of this radiation, due to their charged nature and
to the fact that their trajectories are deviated by the in uence of the magnetic elds
throughout the interstellar medium (ISM). For this aim, the searches of cosmic-ray
sources must be complemented with other astronomical windows.

In addition to cosmic rays, there are other types of radiation produced at the
sources, e.g. neutrinos and gamma rays [95, 96]. These other particles travel in
straight lines, and can also help to locate the sources of cosmic rays.

Thus, the observation of high-energy neutrinos, gamma- and cosmic-rays can
offer new insights about accelerators of cosmic rays [96]. It is possible that these
sources can be galactic (e.g. SNR [98]) or extragalactic (e.g. active galactic nuclei
(AGN's) [99-101]). A discussion on possible galactic and extragalactic sources is
given in section 1.6.

1.4.1 Energy spectrum of primary cosmic rays

Cosmic raysan be considered as a type of radiation with an extraterrestrial origin.
Such radiation consists of neutrons, charged particles in general, e.g. electrons, an-
tiparticles, and atomic nuclei. These particles, as they move across the ISM, can
strike our atmosphere and can be categorized as primary and secondary cosmic
rays depending on whether or not they had any type of interaction before arriv-
ing on Earth. Primary cosmic rays can be de ned as those high-energy particles that
are accelerated at astrophysical sources (E.g. supernova remnants, among others),
like electrons and nuclei of different chemical elements as H, He, C, N, O, and Fe,
all of which originate from nucleosynthesis processes inside stars. In contrast, parti-
cles and atomic nuclei that originate from the interaction between a primary and the
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ISM (for example, interstellar gas) or our atmosphere are considered as secondary
cosmic rays. Some of the secondaries are scarce products from the nucleosynthesis
processes from the stars. Some examples are Li, Be, and B [96]. Antiprotons and
positrons are considered as secondary cosmic rays, and whether these patrticles are
produced at primary sources still remains an open question [96]. From the detailed
study of the primary and secondary components constrains can be made on models
about the origin, acceleration mechanism, and propagation of such radiation. One
of the cosmic-ray properties that is important to measure and to study is the differ-
ential intensity, which describes how many particles reach a detector per unit area,
energy interval, d W (solid angle of detection in sr), and time unit. Sometimes it is
called the energy spectrunand is typically expressed as a function of the energy per
particle [E], energy per nucleon [E/Adr rigidity [R] [102]. In the international system,
the differential intensity has units of [m 2s lsr le 1. Inthe later, e corresponds to
the unit measurements of E, E/ A, and R, respectively.

Based on experimental measurements, the total spectrum of cosmic rays repre-
sents the sum of all individual nuclear spectra which extends from a few MeV up to
several tens of EeV, and it is characterized by a power law

dN/ dE p ES, (1.1)

where g corresponds to the spectral index and takes an approximate value of  2.7.
This behavior of the total energy spectrum can be observed in Fig. 1.4 (left).

The energy spectrum has several prominent structures produced by important
changes in the spectral index (see Fig. 1.4, right panel). These feature are:

Spectral feature Position

Knee [103] 3 10¥%eV
Low energy ankle [104] 2 10%eV
Second knee [104] 1 10 eV

Ankle [95, 105-107] 3 108eV

Thus, the spectrum of cosmic ray has small differences in the spectral index, g,
at different energy regions. Below the "knee," the spectrum has power law behavior
with a spectral index g 2.7. It steepens tog 3.1 after the knee, and it
becomes even steeper beyond the "second knee"g 3.2. After the "ankle", g
returns to approximately g 2.7 [105, 108].

The results from different air-shower experiments [109—-114] indicate that the knee
structure is due to a cutoff in the spectrum of light nuclei of cosmic rays [75]. EAS
data also show that the second knee may be correlated to a cutoff in the iron nuclei
energy spectrum. The kneeand second kneseems to have their origin in a Peter's
cycle derived from the ef ciency loss at the source (or the galaxy) to con ne the par-
ticles. Under this hypothesis, for each mass component of the PeV cosmic rays, the
corresponding energy spectrum is expected to present a knee-like structure, which
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FIGURE 1.4: Left panel: All-particle cosmic energy spectrum as a func-
tion of the primary energy. It is observed that the spectrum decreases
following a power law. In particular, low-energy cosmic rays, E 10,
eV arrive at Earth with a rate of 1 particle per m 2 per second, while at
E 10%eVthe uxof cosmicrays E 10 drops to 1 particle per m 2
per year. At the ultra high-energy regime, 10 18 eV, the intensity corre-
sponds to 1 particle per km2 per year. Image sourcef118]. Right panel:
The energy spectrum of cosmic rays exhibits several structures at dif-
ferent energy regions: the knee(3 10'° eV), the second knefl  10')
and the ankle(3 10'®), among others. It is common to multiply the
spectrum by a scale factor to highlight these features [102], in this case
by E27. Image sourcg119].

is proportional to Z Eynee[115]. Here, Beehas an approximate value of 3 101° eV
[109], and the electric charge is represented byZ. This model is in agreement with
the cosmic-ray data from the KASCADE [109] and KASCADE-Grandg[111, 116, 117]
experiments.

1.5 Cosmic ray primary composition

The chemical composition of the primary cosmic rays also holds insights about the
production sites and its surroundings, and the relative abundance of the cosmic ray
nuclei has an important roll in the formulation of propagation models. Given the
advantages of direct cosmic-ray experiments, mass-composition measurements with
these instruments enable the reconstruction of the energy spectra for different pri-
mary nuclei. For example, ATIC-02 [7], CREAM [120], PAMELA [121], AMS [122],
PROTON [6], NUCLEON [23], DAMPE [18], CALET [31] have provided direct mea-
surements of the spectra for primaries from protons up to Fe nuclei in different in-
tervals below 1 PeV. For indirect cosmic-ray experiments, the composition studies of
cosmic rays depend of comparisons of the data with the predictions of the hadronic
interaction models. Such dependence introduce limitations in mass composition
studies, which can only be done on a statistical basis. A further consequence is that
the energy spectra is determined for elemental mass groups. This way, indirect ex-
periments, like KASCADE [111], KASCADE-GRANDE [117], AUGER [89, 123], and
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FIGURE 1.5: Relative abundancesfor1l Z 40 in cosmic rays and in
the solar system. The plot was made using cosmic-ray data from AMS-
02 [135], ACE/CRIS [136], and super-TIGER [137].Image sourcd125].

HAWC [26, 124], have measured the energy spectra for different mass groups of
cosmic rays for energies below the knee,E > 6 TeV, up to 100 EeV.

Direct measurements suggest that protons constitute approximately 88% of the
primary nuclei inside the galaxy, while He nuclei account for 9%. The other 3%
is made up by heavier elements (like carbon, oxygen, neon, magnesium, etc.) and
electrons [125].

The relative abundances of atomic nuclei in the solar system matches the mass
composition of primary cosmic rays [125, 126], with a few exceptions for the Li,
Be, B, Mn, V, and Sc mass groups. This scenario suggests that primary cosmic rays
are produced by stars, while the observed differences for certain nuclei indicate the
production of these elements by other secondary processes such as interactions with
the interstellar medium (fragmentation or spallation).

Though they are considered mainly as secondary products, antimatter particles
are also components of cosmic rays. Thus the precise measurement of the antimatter
component and its characteristics (e.g. energy spectrum and relative abundances)
offers a different approach to unveil the unanswered questions around cosmic radi-
ation. In addition, these analyses can contribute for the discovery of new physical
phenomena, like astrophysical objects made entirely out of antimatter [127-132]. To
the date, there haven’ t been any cosmic-ray experimental evidence that revealed the
presence of antinuclei with masses greater than antihelium and antideuterium [131,
133, 134].

1.6 Sources

Where do cosmic rays come from? There are many assumptions about their origins
based on the available data and our current knowledge of these energetic particles,
though the full answer to this question still remains a mystery.
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Cosmic rays are considered to be of galactic and extragalactic nature. Galactic
cosmic rays have energiesE < 10'8 eV, while extragalactic cosmic rays are more
abundant in the region above 1018 eV [138, 139].

1.6.1 Galactic cosmic rays

The most common scenario on the origin of cosmic rays produced in the Milky Way
involves supernova remnants (SNRs), that may be able to produce charged patrticles
upto 10Y eV [140, 141]. In addition, thanks to the recent progress made in cosmic-
ray and gamma-ray experiments (for example, HAWC [19] and LHAASO [20]), new
sources of cosmic rays inside the Milky Way have been discovered [90, 91].

In 2021, the HAWC collaboration presented the observation of very energetic
gamma rays (E > 100 TeV) originating from the Cygnus region. More recently in
2024, the LHAASO collaboration con rmed the observation of ultra-high-energy
gamma rays from the same region. Both measurements support the presence of a
PeVatron inside of the Cygnus cocoorwhich is believed to be a starforming environ-
ment [90, 91].

In particular, the HAWC collaboration has made extraordinary contributions to
the detection of PeV cosmic-ray production regions, for instance, the con rmation
of a PeVatron inside of the galactic center [142], and more recently the measurement
of ultra-high-energy gamma rays produced by the microquasar V4641 that provides
evidence that this and other similar microquasars can contribute with PeV cosmic
rays to the galactic population [143].

1.6.2 Extra-galactic cosmic rays

In order for an astrophysical entity to produce ultra-high-energy cosmic rays, i.e.
particles with energies E & 10'8 eV, there are some requirements it needs to ful Il
[119, 144]:

 the necessary energy to accelerate particles,
« con ne cosmic rays within the region of particle acceleration,

» and account for the observed ultra-high-energy energy spectrum, the chemical
abundances of the elemental components, and the arrival directions, among
others.

Our galaxy fails to con ne cosmic rays above 108 eV, thus the ultra-high-
energy cosmic rays must have an extra-galactic origin. The analysis of the anisotropy
at large above 4 EeV carried by the Pierre Auger collaboration in 2017 provided
strong evidence that supports the extra-galactic origin of the most energetic cosmic
rays [138]. Some astrophysical objects that can be responsible for producing very
high energy cosmic rays are Active Galactic Nuclei (AGN's), Gamma Ray Bursts
[145], Starburst Galaxies (SBGs) [144], and Blazars [101].

However, as a result of their charged nature, cosmic rays are scattered by the
in uence of the magnetic elds throughout the Universe and therefore it is a chal-
lenging task to trace back their sources though the measurements of this radiation.
In contrast, particles like photons and n(n), i.e. electrically neutral particles, have
few to none interactions with the medium and therefore their trajectories, on aver-
age, remain the same and point directly to their origin. For example, neutrinos are
purely products of hadronic interactions and in an astrophysical scenario, this neu-
tral participles are likely to be generated near cosmic ray acceleration sites by the



1.7. Acceleration models 17

interaction of atomic nuclei with the surrounding medium. In addition, photons can
originate from hadronic and electromagnetic processes, such as the decay process
of neutral pions (p° ! g+ g) and Compton scattering, respectively. In particular,
the IceCube Neutrino Observatory is involved in multimessenger campaigns with
several scienti ¢ missions, such as the observation of cosmic-ray production and
acceleration regions through the observation of the high-energy neutrinos from as-
trophysical sources [146], among others. In 2018, the detection of TeV neutrinos from
the vicinity of the blazar TXS 0506 + 056 measured with the ICECUBE observatory
determined that this blazar is an extragalactic accelerator of PeV cosmic rays [101].

1.7 Acceleration models

The observed energy spectrum, above 10 GeV, is fairly modeled with a power-law
model with g close to 2.7. Any model that tries to explain the particle acceleration
mechanism must at least account for this feature.

The Italian physicist Enrico Fermi was a famous and proli ¢ scientist known for
his notorious contributions in particle physics [56, 86]. In particular, in the cosmic-
ray eld, Fermideveloped an acceleration mechanism for this type of radiation. The
rst version of this model, currently known as second-order Fermi acceleration mech-
anism was published in 1949. In this framework, Fermi proposed that cosmic rays
are accelerated as they are repeatedly re ected by the interactions with magnetic
interstellar clouds (or magnetic mirrors) [147]. In this model, the magnetic clouds
move in a random-walk with a characteristic velocity V thus, at each collision, each
particle will obtain a mean energy given by the following relation [148]:

DE 8 V ?
E 3 ¢ °
The above expression clearly describes that the process of energy increase is of
second ordewith respect to V/ c. In addition, in the second order Fermi acceleration
mechanism, at each collision with a magnetic mirror, the energy of the primary can
increase or decrease. However, the mean energy increases on average because the
probability of a head-on collision with the shock is larger in comparison to that of a
tail-on collision [148].
It follows that the differential intensity of cosmic rays modeled by the second
order mechanism is given by:

(1.2)

N(E)dE= constant E (*(at) 1) (1.3)

In the above expression, a = ‘é" X—E , where L stands for the mean free path be-

tween the magnetic mirrors. Finally, the t parameter represents the time a particle
is trapped within the production source.

In this model, the galactic magnetic clouds within travel at a low velocity in com-
parisonto ¢, V/c 10 4, thus there is a small energy gain for the charged particles in
each collision. Moreover, to obtain an energy spectrum with a power law distribu-
tion, the particles need to be contained at the acceleration region for a characteristic
escape time,tesp While spectral index can take arbitrary values. In order to model
g as approximately 2.7, as indicated by the data (see section 1.4.1), this model re-
quires speci ¢ constrains and physical assumptions.

Now, an alternative scenario is the rst-order Fermi acceleration mechanismhich
considers a charged particle that is accelerated by the collision with a front of a shock
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wave (for example, produced by SNRs, AGNSs, etc.) that moves through the interstel-
lar medium at supersonic velocities [119]. This con guration will produce a constant
rate of energy increase on the (V/c) term. This improvement enhances the particle's
acceleration. Now, the magnetic elds on each opposite side of the shock (in front of
or behind it) are turbulent. After the rst collision, these turbulent magnetic elds
scatter the particle in a random walk throughout the eld lines inside the shock re-
gion, reason why the rst-order Fermi acceleration mechanism is commonly referred
to as diffusive shock accelerati@ivt9]. In the case particular case of no turbulent mag-
netic elds, the con nement time at the site would be very short. When a particle
is scattered by the magnetic elds, there is a probability that it can pass through the
shock from the upstream to downstream direction or downstream to upstream [119].
Both types of crossings will increase the particle's energy [119, 148]:

DE 4 V
E 3 ¢
The patrticle is scattered again by the magnetic elds upstream or downstream,
repeating the process many times, and with each crossing, it gains energy. With
every cycle, the particle has a chance to escape the shock and become part of the
population of cosmic rays. The particle escape probability from the shock is given
by [148]:

(1.4)

4 V
Pesc= 1 = — 15
ese= 1 5 (15)
Finally, the predicted particle energy spectrum is:
N(E)dE = constant E 2dE (1.6)

In the above expression, the predicted spectral index differs from the experimen-
tal data. Some models like the ones in [119, 149] propose that the spectral index can
be modi ed by means of the diffusive propagation of the particles across the Milky
Way. In comparison to the second order mechanism, this model is more ef cient
at accelerating cosmic rays to the highest energies and can be present in different
astrophysical sources.

1.7.1 Particle con nement and acceleration at the source

Probably the most popular plot that helps identify potential cosmic ray accelerators
is the one proposed by Anthony Michael Hillas in 1984, the so-called Hillas Diagram
In this plot, Hillas establish a relation between the physical magnitude, R source, and
magnetic eld, B, intrinsic to the acceleration site for a given primary energy, with-
out taken into account ef ciency losses. Such relation is given by [150]:

Emax ' Z % Rsk";:e 10'8eV. (1.7)
In the previous expression, the maximum achievable is represented by Enax, while Z
is the charge of the primary. From this relation, it is clear to identify that the spectra
of light nuclei will have a cutoff at lower energies than in the case of the spectra for
the heavy nuclei because the particles with lower electric charges escape earlier from
the magnetic con nement at the source [151].
Inthe Hillas plot, R source @and B are also plotted for different astrophysical sources,
which, together with relation (1.7), allows to identify different possible cosmic ray
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FIGURE 1.6: The Hillas plot identi es potential cosmic ray sources (blue

objects) based on their characteristic magnetic eld, B and their size, R

[152]. From top to bottom, the dotted green lines represent the predicted

maximum energies for proton acceleration sites. These correspond to

the to the GZK limit (5  10'° eV), the ankle (10 eV), and the knee
region, (10 eV), respectively. Image source153].

accelerators. Astrophysical objects like gamma-ray bursts, neutron stars, white dwarfs,
sunspots, AGN, SNRs, galaxy clusters, and galactic disks and halo are some of the
astrophysical objects that qualify as cosmic-ray accelerators. These and other objects
are plotted in Fig. 1.6 where each source is indicated with its characteristic magnetic
eld at the site, B, as a function of its typical size. | addition, the model constraints,
see Eq. (1.7), for cosmic-ray acceleration at the source are also shown.

All the cosmic ray source model must recover the measured energy spectrum
with their predictions and explain all of its features. For example, the features in the
energy spectrum of cosmic rays are a re ection of the cut-offs predicted by Eq. (1.7),
and one possible interpretation is a magnetic rigidity cutoff in the source. Another
classic example, is the three-population Hillas (H3a) model as described in [154].
In here, the total energy spectrum is described by the presence of three different
categories of sources, each of them with different Eax €f ciency:

Population 1: This population could be composed of supernova remnants spread
all over the Milky Way. The position of knee represents the maximum ef -
ciency of cosmic acceleration at the sources responsible for this group.

Population 2: The nature of this accelerator is unknown, however, it is assumed
to be of galactic nature and would contribute to the intensity of cosmic rays
inside the energy interval from 10 PeV to 1 EeV. The cutoff for protons would
be locatedatE=2 10®eV.
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FIGURE 1.7: The spectral features observed in the measured in the all
particle cosmic ray energy spectrum can be explain though the H3a
model [154].

Population 3: This population would be of extragalactic nature and might generate
cosmic rays at ultra-high energies. The cutoff for protons would be found at
energies between 3 EeV and 60 EeV.

Under this model, it was expected that the spectrum of cosmic rays within the
TeV - PeV energy range should behave as a power-law, however the latest results
from HAWC [22, 124], NUCLEON [23], DAMPE [18, 29] and CALET [155, 156] re-
vealed new features in the energy spectra of the different components of cosmic rays
and the all-particle spectrum, situation that suggest possible new physical interpre-
tations like, for example, the existence of a local nearby source of TeV cosmic rays [3,
45, 157, 158].

1.8 Propagation

Along their propagation inside the interstellar medium, cosmic rays undergo energy
losses and additional acceleration phenomena that modify the initial spectral index
spectrum intrinsic to the source.

Once the cosmic rays escape the source or acceleration region, these particles
start their propagation through the cosmos. Given the fact that cosmic rays have an
electric charge, they are diffusely de ected in a random walk caused by magnetic
elds, making the particles deviate from their original trajectory. Only cosmic rays
with E 1070 eV are not affected by these processes and retain their original tra-
jectories. Through their propagation, primary cosmic rays can produce secondaries
by means of different physical processes such as spallation, hadronic decay, gamma
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FIGURE 1.8: In this representative picture of the leaky box model, the
galaxy is represented by a cylindrical shape with a diameter of D 4 = 30
kpc and 3 kpc in height. Inside the box (galactic disk), cosmic rays travel
in all directions driven by the turbulent magnetic eld of our galaxy
and by the interactions with the ISM. As shown here, a small fraction of
cosmic rays have a small probability to escape the con nement [149].

rays, neutrinos, Compton scattering, pair production ( p+ g ! p+ €' + e ), and
pion production ( p+ g! p + N)[150].

A simple propagation model for cosmic rays con ned in the Milky Way is the
Leaky box model (see Fig. 1.8), where the Milky Way is modeled like a cylinder
with a height 3kpg and 15kpcin radius [149]. The galactic sources of the cosmic
radiation are equally distributed inside the galactic disk of 300 pc of thickness. Due
to the galaxy's total magnetic eld, the charged particles are con ned inside the box,
where they are accelerated and diffusely propagated. However, when a cosmic ray
interacts with the galaxy's frontier it has a small probability of escaping, otherwise
it is bounced back inside the box. A numerical interpretation of this model is the
GALPROP code [159], which allows the user to simulate the diffusion of primary
and secondary cosmic rays and their interactions accross the galaxy.
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Extensive air showers

The previous chapter covered the historical breakthroughs of cosmic-ray science,
and how some of the scientists from the late XIX and early XX centuries came up
with pioneer techniques to overcome the observational and theoretical challenges
of the eld. In particular, Bruno Rossi [83, 160], Werner Kolhdérster [88], and Pierre
Auger [89] contributed to the eld of study of Extensive Air Showers, a phenomena
caused by the interaction of primary cosmic rays and the air molecules. The study
of EAS, how are they described and their impact to cosmic rays research are detailed
in this chapter.

Cosmic rays measurements are performed directly outside of Earth's atmosphere
or indirectly at ground level. Direct measurements are carried out with particle de-
tectors attached to air-balloons, airplanes, spacecrafts, and arti cial satellites, and
their primordial task is the observation of primary cosmic rays near the upper lay-
ers of the atmosphere. On the other hand, when a primary cosmic ray makes its
way through the interstellar medium and impinge over our atmosphere it will inter-
act, at some atmospheric depth that depends of its kinetic energy, with the nitrogen
and oxygen molecules of the atmosphere. The result of this interaction is what we
commonly know as Extensive air shower€EAS) of secondary particles, and the ex-
perimental observations of this phenomenon are called indirect measurements. One
effective way to measure an EAS is by setting up a ground-base particle array detec-
tor.

The rst evidences of EAS observations were made by Bruno Rossi [83, 160],
Werner Kolhorster [88], and Pierre Auger [89]. Historically, Auger has been recog-
nized by many authors as the pioneer of the air shower phenomenon. By the year of
1938, Auger carried out the experiment that led him to this discovery at the Jungfrau-
joch', Switzerland. The experimental setup consisted on cloud chambers and G-M
counters spaced by distances of the order of 10 meters (up to 300 m) [89]. The de-
tectors were run simultaneously and were employed to analyze the charged com-
ponent of cosmic rays at ground level. The data showed the simultaneous arrival
of charged patrticles at the particle counters within a time window of approximately

1mrs. From these observations, Auger concluded that high-energy primary cosmic
rays triggered atmospheric showers located at the top layers of the atmosphere. At
that time, Auger and his team were not aware of the previous work made by Bruno
Rossi and Werner Kolhdrster on the same matter.

All together, the contributions from Rossi, Kolhorster and Auger have began a
new method of observations in astroparticle physics. The method, however, rely on
the detailed description of the hadronic interactions involved in this phenomenon,
which is a challenging task.

1At an altitude of 3450 m a.s.l.



24 Chapter 2. Extensive air showers

It is important to point out that extensive air showers are not exclusive to cosmic
rays, there are showers induced by gamma rays as well, and are purely electromag-
netic.

Meanwhile, the showers generated by cosmic ray nuclei are constituted by three
components: hadronic, electromagnetic, and muonic. Each of them will be described
in the following sections.

2.1 Hadronic component

This component is composed by mesons, baryons, antibaryons and atomic nuclei.
Among the mesons we found pions, kaons and charmed patrticles, and as a part of
the baryons, neutrons and protons. Such particles are produced in hadronic inter-
actions between the shower particles and the atmospheric molecules or by hadronic
decay. Hadronic collisions with momentum transfer Q2 0 produce particles with
small transverse momentum, which moves along the direction of the primary parti-
cle. These interactions happen in the non-perturbative region in guantum chromo-
dynamics (QCD). They must be described with phenomenological models, whose
parameters are tuned with accelerator data. On the other hand, hadronic inter-
actions with large Q? generates particles with large transverse momentum, which
moves away from the main shower axis. Such processes can be determined through
perturbative QCD (pQCD). Neutral and charged pions are generated in abundance
in the hadronic collisions of the shower particles [161]. The decay of these mesons
feed the electromagnetic and muon components in the EAS, respectively [96].

2.2 Electromagnetic component

As mentioned before, this component is mainly a product of the electromagnetic
decays of kaons and pions in the EAS. The neutral pion decay through the chan-
nel p®! g+ g, which directly contributes to the electromagnetic component [21,
96]. The most prominent physical process involved in the evolution of this com-
ponent in the atmosphere are the photon pair production and the bremsstrahlungf
electrons. In addition, other physical processes that affect the development of the
electromagnetic component of the air shower are the radio emission, energy loss by
interactions with the medium (ionization), production of Cherenkov photons, and
the photoelectric effect [95, 148].

2.3 Muonic component

The charged pions and kaons of the EAS commonly decay into muons and neutrinos,
feeding the shower muonic component. The decay channels are shown below [21,
96]:

pr(p )! m(m)+ n(nn), (2.1)

K'(K )! ni(m)+ nynm, (2.2)

Muons can pass through signi cant amounts of matter before interacting, which
represents a challenge for its detection. For this reason, a common muon detector is
equipped with a thick shielding or is buried underground. A thick shielding or un-
derground placement effectively blocks the less penetrating particles, considered as
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background noise, and isolates the muon signals for more accurate measurements.
On average, muons are produced at an elevation of approximately 15 km into our
atmosphere. If there is no decay, a muon can experience a decrease in its energy of
approximately 2 GeV before it reaches ground level [162]. The decay of the muon
can contribute to the electromagnetic component, however its contribution is small
[163]. Finally, the muonic component is closely related to the primary mass. For the
same primary energies and a xed observation level, a heavy-primary induced air
shower will contain on average a larger number of muons than a light-primary in-
duced air shower [164-166]. Thus, the precise measurement and description of this
component is relevant for mass composition studies of cosmic rays.

Neutrinos evade most of the particle detectors as they only interact by means of
the weak force, however it's important to recall that an accurate representation of the
development of the shower and its energy estimation must consider the contribution
from the neutrinos. [164—166]

2.4 Air shower properties

The precise measurement and reconstruction of the EAS is crucial to determine the
composition of the primary particle, mass composition and arrival direction. The re-
construction of the main properties of the cosmic ray depends on the characteristics
of the detector.

Some of the most relevant air shower features to measure in relation with the
primary cosmic ray are described below:

Shower axis: This parameter corresponds to the path that a primary particle would
have taken to the point at the observation level where it would have arrived,
assuming no interactions with the atmosphere molecules. It provides the ar-
rival direction of the primary particle (c.f. Fig. 2.1, left panel).

Lateral density distribution: Purely electromagnetic showers have, on average, rep-
resentative characteristics that allows us to recognize them from cosmic-ray
induced events [167]. This differences can be observed though the lateral
spread of secondary particles. This parameter describes how the density of
particles produced by the shower varies with their distance to the shower axis
at the EAS plane [168]. In particular, cosmic-ray induced event on average
will present an irregular and uneven lateral distribution of secondary parti-
cles; meanwhile, a pure electromagnetic EAS is characterized by a smooth and
even lateral pro le.

Shower maximum: This parameter marks the point of maximum development of
the shower. Here, the production of secondary particles has reached its maxi-
mum and the particle multiplicity is the highest [95, 169].

Depth of maximum development, Xmax: Itrepresents the relation between the max-
imum particle multiplicity and the atmospheric depth. This parameter is sen-
sitive to the energy of the primary particle, and can also vary with its mass
composition [169, 170].

Shower core: Considered as the point in which the shower axis meets the with the
observation plane. This region has the highest particle density [95]. A com-
mon procedure to estimate the coordinates of the core consists on a t to the
measured lateral distribution of the secondary particles with a proper function
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[95, 169]. The particle distribution at the shower core, its shape and broadness
is directly related to the nature of the primary particle that triggered the event.
For example, an hadronic shower induced by an iron nuclei will resultin a at
and broad shower core in contrast to a proton-induced event.

The central region of a pure electromagnetic EAS is compact and well de ned.
On the other hand, hadron induced air showers can exhibit multi-coresdue to
uctuations, scattering of nuclei fragments surviving from the spallation of the
primary particle, high concentration of muons, and secondary particles with
high momentum [169].

Shower front: This conceptual surface marks the leading edge of the EAS event as

it propagates and expands outwards into the Earth atmosphere [95]. The sec-
ondary particles that are close to the shower axis are characterized by small
values of transverse momentum, travel longitudinally and arrive almost si-
multaneously, creating a uniform shower front. However, the secondary par-
ticles far from the central region will travel longer distances. This effect gives
the shower front a slight curvature.

Arrival direction:  Itis typically determined by tting the distribution of the recorded

arrival times from each of the observed secondary particles at the shower front.
Most procedures parametrize the shape of the shower front to a plane or a cone
due toits curved nature [169, 171]. Once the shower front shape is determined,
the shower axis is calculated. The axis is usually de ned by the unitary vec-
tor perpendicular to the shower plane (cone) [95, 169, 171]. The reconstructed
direction of the primary patrticle is estimated from the azimuthal and zenithal
angles of the shower axis. The later are represented byf and g, respectively.

Longitudinal age, s: The longitudinal age of an EAS describes its development stage

across the atmosphere by tracking the variations in the number of secondary

particles (photons and e ) (see Fig. refFig:showerSketch, right panel) [95, 172].
The initial interaction inside the atmosphere is represented by s = 0. Atthe

shower maximum, the longitudinal age takes a value of s= 1. After the maxi-

mum development, this parameter has values s> 1[172].

Lateral age parameter: Like the longitudinal age, this parameter was developed for

pure electromagnetic shower to characterize the development stage, however
this concept can be extended to hadronic EAS for the same purpose [172]. The
lateral age parameter is a measure of the lateral shape of the secondary par-
ticles distributions at the detector observation level as a function of the radial
distance to the EAS axis. Mathematically, this parameter is an expression of
the slope of the lateral distribution of secondary particles [167, 172, 173]. For
example, a small (large) value of the lateral age parameter describes an EAS
event that started deeper (shallower) into the Earth atmosphere and the lateral
distribution of its secondary particles at the observation level has a steeper
(atter) pro le. On average, this EAS events are induced by light (heavy) pri-
maries with high (low) energies, and are called as young(old).

2.5 Air shower development

So far, the importance of a detailed description of the extensive air shower's devel-
opment and its components through their passage across the atmosphere have been
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FIGURE 2.1: Left panel'Simple diagram of an EAS. The primary particle,

zenith angle, shower axis, particle disk and shower front are shown.

A small number of particle detectors are exhibited at the bottom as a

reference. Image modi ed from:[95]. Right panel In here, the curves

represent the longitudinal development for purely electromagnetic EAS
with different primary energies. Image sourcdl174].

addressed. Nowadays, there is a plethora of models and software packages dedi-
cated to this particular matter.

2.5.1 The Heitler model

It is a basic approach to understand the evolution of electromagnetic showers and
their main features [175]. Despite the fact that the predictions from this model are
not the most accurate when treating real data, the Heitler model illustrates the air
shower development and the physics involved [176].

The model considers

g+ g! e+ € (pair production),
e +g! e + g (braking radiation).

as the main processes for the development of the electromagnetic shower. The pro-
cess starts with a photon, g, of energy Ep. This photon initiates a cascade by splitting
into a e & pair each with energy E/2, after traveling a xed interaction length, | ¢,
through the atmosphere (see Fig. 2.2, left panel). Then, a photon will be emitted by
an individual positron or electron. This step increases the number of particles in the
shower by a factor of two. Each new generation will continue to repeat the process,
with each particle producing two new particles of half its energy. In particular, if this
process is repeatedn times, the shower will contain a total of 2 " secondary particles.
Moreover, it is possible to know the total number of generated particles for a given
atmospheric depth, X, with the following relation

N(X)= 2" = 2X/1e, (2.3)



28 Chapter 2. Extensive air showers

FIGURE 2.2: Left panel:Model for the evolution of a purely electromag-

netic air shower. Electrons and photons are represented equally by solid

lines, while | ¢ is the electromagnetic interaction length. Right panel:

Same, but for an hadronic induced EAS. In here, the solid lines repre-

sent charged particles, neutral particles are represented by the doted

lines, and the primary particle interaction is represented by | j,e. Image
sources[176, 177].

where X = n | .. In this approach, the energy E per secondary particle at an atmo-
spheric depth X is dependent of the primary energy, E ¢, and it is estimated through
the mathematical expression:

Eo

(2.4)

The maximum development of a pure electromagnetic event is reached at the
critical energy Ec. In this development stage, the main production processes are con-
strained by the energy loss. This point is located at an altitude

Xmex(E0) e In 2 (2.5)

In addition, the maximum number of secondary particles produced at the maximum
development of the EAS is given by the relation

_ B
Nmax = E (2.6)

C

The copious production of secondary particles (electrons, positrons and gam-
mas) will abruptly end after the critical energy is reached [169, 176, 177].

With this model, it is possible to get a relation between the depth X and the
number of shower particles and estimate the depth of maximum development of
the EAS. However, it is employed for EAS created by photons. For hadron-induced
EAS, the Heitler model can be modi ed [176, 177], as will be described next.

2.5.2 Modeling of hadronic induced air showers: the Heitler-Matthews
model

In the context of this framework, an hadron with primary energy  E generates a total
of Nt new particles with energy E/N in one interaction after traveling a distance
equivalent to an interaction length | j,.. The dominant component of secondary par-
ticles will be charged pions, Ny, accounting for 2/3 of the total, while the other third
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will be neutral pions, Ng (see Fig. 2.2). ThusNiy: = Np + No. Neutral pions will
decay mainly into two photons, and charged ones, into muons and neutrinos. From
here, it is quickly deduced that the hadronic component will transfer one third of its
energy to the electromagnetic sub shower after every interaction. If this process con-
tinues n times, the energy per secondary hadron-induced or electromagnetic shower
particle is expressed as [176]:

Eo, 2.7)

Eem= 1 5 Eo, (2.8)

where Eg = E/ Niot.

After several generations, in an hadronic EAS, the electromagnetic component will

carry a large fraction of the energy of the primary particle. For instance, after 6

interactions within the atmosphere, this component will bear 90% of the primary
energy on average [176]. For this reason, the maximum shower depth of an hadron
induced event will correspond to the depth of the electromagnetic component, X§,...
So, an approximate expression for the maximum shower depth of the hadronic EAS

is given by [176]:

E,
NiotEc

where Ny is the total number of secondary particles produced in the rst hadronic
interaction, and Ep is the energy fraction for each of the secondaries.

Below the critical energy ER, after nc consecutive interactions, the charged pions
no longer undergo hadronic interactions, and decay into muons. In particular, the
total number of charged pions is Np°, with energy E/ N{5. Thus, the total number
of muons resulting from a number NSC of charged pions in an interaction can be
approached by:

Xmax(Eo) linet le In

(2.9)

a
Nm= Np° = Eg : (2.10)
where a = In(N¢p)/In( Niot). According to [176,177],0.82 a 0.95.

The present model applies only to EAS generated by nucleons. In order to extend
the formalism to the case of a primary nuclei with atomic mass A and energy Ey, the
supperposition model is used. The main idea is to consider the incident nucleus as
an ensemble of A individual nuclei, each carrying a fraction of the primary energy,
given by Ej, = Eg/A. Therefore, under this hypothesis, the shower's parameters will
be:

Xr?ﬁax Xmax(Eol A), (2.11)
a
NA A EfA "_ pta N (2.12)
Edec

The present model allows to describe the basic properties of the EAS induced
by cosmic rays. It also provides basic basic relations between the parameters that
describe the longitudinal development of the EAS with the atomic mass and the
energy of the primary nucleus.
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However, when it comes to the description of real extensive air shower events,
the Heitler-Matthews model does fails to offer a precise description of the measure-
ments. In addition, it only depicts the longitudinal growth of hadronic showers in
1D, ignoring the lateral development of the shower. The rst studies of the lateral
spread were made for showers of electromagnetic nature by Nishimura, Kamata and
Grisen in the mid 50's [167, 173]. Such treatment can be extended to hadron induced
showers. The lateral spread or lateral distribution is a key parameter that must be
considered for the correct understanding of the extensive air showers.

However, for a more realistic description of the complex three-dimensional de-
velopment of hadron induced EAS, hadronic interaction models have been devel-
oped with the purpose to describe particle interactions, predict the shower prop-
erties such as the lateral distribution, longitudinal pro le, and the primary energy,
and ultimately to interpret high-energy physics results at energies inaccessible for
particle accelerators.

Therefore, the high-energy hadronic interaction models are essential tools in the
simulation of the interaction of cosmic rays and air molecules. A number of simu-
lation packages have been developed, incorporating these models alongside Monte
Carlo techniques for this purpose.

2.6 Simulation packages for high-energy hadronic interac-
tions

With technological developments, nowadays there are numerical event generator
packages that make more realistic simulations for the probabilistic nature of par-
ticle interactions and predict their outcomes through random sampling techniques

(Monte Carlo approach), and the implementation of theoretical and empirical mod-

els of particle physics.

In 2009, the results from high-energy physics experimental runs at the Large
Hadron Collider (LHC) were publicly released [178-180]. Some of the most relevant
results include tBe measurements of the proton-proton collisions up to a center-of-
mass energy of s = 7 TeV. These results were important to improve the descrip-
tions of particle production in hadronic collisions at high energies within the new
generation of MC cosmic-ray event generator packages. The post-LHC era has seen
the development and re nement of high-ernergy hadronic interaction models like
EPOS-LHC, QGSJET-II-04, and SIBYLL 2.3, which incorporate constraints from LHC
data [181, 182].

The production of secondary particles and development of hadron induced ex-
tensive air showers are ruled by hard and soft scattering processes. The hard pro-
cesses are characterized by a large momentum transfer Q2), and are well described
with perturbative treatments of QCD. On the contrary, the accurate description of
the soft part of hadronic interactions, for which the momentum transfer is small
Q? 1 GeV? [183, 184], is a major challenge that require special theoretical treat-
ments different from the pQCD, and generally involve empirical parametrizations.
Take for example the Gribov-Regge theory [185], developed for the description of the
exchange of microscopic parton showers with small transverse momenta in hadronic
interactions (soft processes). Within this framework, these processes are mediated
by the exchange of hypothetical effective objects known as Reggeonsin particular,
the Pomeronis introduced to explain the diffraction and elastic scattering at high
energies. This object is a special type of Reggeon, characterized by no color, elec-
tric charge, or avor, and can be considered as an hypothetical particle formed by
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gluon chain. Event generator models like EPOS-LHC [186] and QGSJET-II [187] em-
ploy the Gribov-Regge theory for their respective calculations. An alternative to the
Gribov-Regge theory is the QCD eikonal mini jet approach, which treats hadronic
collisions as sequence of mini-jet interactions with low transverse momentum be-
tween the incident particle (seen as a small probe) and the target hadron. This theo-
retical framework is the base for event generator packages like SIBYLL [188].

Some of the most popular high-energy hadronic interaction models which have
been employed for the simulation of cosmic-ray interactions and related phenomena
are DPMJET I1.55 and |11 [189], EPOS-LHC [186], QGSJET-II-04 [48], and SIBYLL 2.3
[188]. All of these models accurately reproduce particle accelerator data up to LHC
energies, Ecy,, = 10 TeV [190-192]. However, their high-energy extrapolations, rele-
vant for indirect studies of cosmic rays, diverge signi cantly and represent an im-
portant cause of systematic uncertainties. These inconsistencies lead to differences
in predicting the EAS observables and its development through the atmosphere, and
may induce a bias in cosmic-ray studies.

The most representative high-energy hadronic interaction models, commonly
employed for cosmic-ray analyses, such as EPOS-LHC, QGSJET-II, and SIBYLL are
described and compared to each other.

2.6.1 EPOS-LHC

Overall, it is a reliable tool that provides results of the soft particle production in
hadronic interactions, and cosmic ray phenomena [193]. The goal of EPOS is to
describe soft particle production for any system and energy with minimum bias, in-
cluding rare particles (like charmed particles) and the distributions of all possible
nal-state particles. It takes into account various nuclear effects such as parton sat-
uration, screening, and high density effects in heavy ion collisions [191, 193]. Like
other hadronic interaction models models, EPOS-LHC is based in the Gribov-Regge
theory however, in this framework, the energy conservation is considered in the par-
ticle production and for the estimation of the cross-section while other models don't
consider this for the cross-section analysis [191, 194].

nucleus and nucleus, hadron and hadron, and hadron-nucleus

2.6.2 QGSJET-II

The latest version of this Monte Carlo event generator package is QGSJET-11-04[48],
which is based on the Quasi-Gaussian String Jet (QGSJET) model, a non-perturbative
QCD approach that incorporates elements from the Gribov-Regge theory. A key
feature of QGSJET-II is its explicit treatment of the multi-Pomeron exchanges and
related screening effects, which are fundamental in nuclear collisions to regulate
the growth of cross-sections and particle production. It can simulate cosmic-ray air
showers at different depths in the atmosphere with energies from 10 1°eV to 10?% eV,
interactions between nucleus with nucleus, hadron with hadron, and hadron with
nucleus, and the production of secondary particles based on fragmentation func-
tions and conservation laws. While its reliance on phenomenological parameters for
aspects of non-perturbative QCD introduces uncertainties, QGSJET-II is recognized
for its detailed treatment of baryon-number transfer and forward particle produc-
tion, which are crucial for the development of air showers along the shower axis
[190, 191].
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2.6.3 SIBYLL

SIBYLL, or Simulating Interactions of High-Energy Beams with Matter, is a high-
energy hadronic interaction model widely employed for the simulation of extensive
air showers and particle accelerators physics [195]. The predictions from this model
are in good agreement with LHC data for particle production. It models collisions
involving protons, neutrons, pions, and other hadrons at energies ranging from GeV
to PeV. This event generator employs the minijet model for hard interactions, and
adopts some aspects of the Gribov-Regge theory to describe pomeron exchanges
for the case of multiple soft interactions, and uses the Lund model for the string
hadronization. Nonetheless, it also implements different theoretical approaches that
include parton-based models, quark string models, and phenomenological parame-
ters from empirical data.

2.6.4 Differences between post-LHC hadronic interaction models of high
energies

It is stated that the modeling of hadronic collisions are crucial for understanding
the physics behind the evolution of cosmic-ray EAS events. Even at the LHC en-
ergy scales, where there is experimental data available, the predictions among the
different hadronic interaction models have some differences, for example, regarding
the average number of produced secondary hadrons [182, 195]. These deviations in-
crease with the energy and are a consequence of the different theoretical treatments,
empirical parametrizations and extrapolations beyond LHC energies. Confronting
the predictions made by the different models with each other, and comparing the
model predictions with experimental measurements, are crucial to test the ef ciency
of the hadronic interaction models at the highest cosmic ray energies.

The EAS parameters are constrained by the high-energy hadronic interaction
model predictions and the results may differ from model to model. Thus, several
comparative analysis of the main high-energy hadronic interactions models have
been carried out in order to comprehend their impact on EAS observables. Some of
the most relevant parameters for the shower's development are the particle multi-
plicity, depth of the shower maximum, Xmax, €lasticity (largest energy fraction car-
ried by the leading particle of the shower after the initial interaction), and the num-
ber of muons reaching the ground, N, For energies closerto 1 PeV, EPOS-LHC has a
larger multiplicity of secondary particles in comparison to QGSJET-11-04 and SIBYLL
2.3c, being the last one with the lowest multiplicity, however, in this energy regime
the differences are small [181, 191]. On the other hand, SIBYLL 2.3c has the largest
elasticity among the models described [196]. For instance, the multiplicity and elas-
ticity effects have a direct in uence in the shower development, thus modifying the
position of the shower's maximum depth. According to [181], the predictions for
the depth of shower maximum made by QGSJET-II-04 and SIBYLL 2.3c differ by
approximately 20 g/cm 2 from the calculated value of EPOS-LHC. The same study
reports that the differences in the predicted number of muons observed at ground
level (1500 m a.s.l.) by these three models are no greater than 10% for inclined EAS,
g = 40 . However, for vertical events, EPOS-LHC generally predicts the highest
number of muons, followed by QGSJET-II-04, and SIBYLL 2.3 with the lowest. In
addition, EPOS-LHC and QGSJET-II-04 differ in their predictions for shower events
below the knee, with EPOS-LHC indicating more electromagnetic energy measured
at the particle detectors.
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Overall, these and other differences indicate the need for further theoretical de-
velopment of hadronic interaction models and more precise experimental measure-
ments of air shower observables at high energies to better constrain these models
and, therefore, improve the understanding of cosmic ray properties and the physics
involved in the hadronic interactions. Finally, table 2.1 includes a comparison of the
EAS characteristics predicted by the simulation packages for high-energy hadronic
interactions from above, highlighting their main differences.
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TABLE 2.1: Main characteristics of the QGSJET-11-04 [48], EPOS-LHC
[186, 193], and SIBYLL 2.3c [195] simulation packages of high-energy
hadronic interaction models.

Caracteristicas QGSJET-11-04 EPOS-LHC SIBYLL 2.3c
Pomerons .
Mini jets
Pomeron exchange + .
. iy Regge-Grigorov String hadronization
Theoretical framework Regge-Grigorov +
. (Lund model)

+ Energy conservation N

Parton model +

Parton model Regge-Grigorov

Average multiplicity
in p-p collisions
s 10°GeV [192]

Similar to Similar to Similar to
EPOS and SIBYLL QGSJET-Il and SIBYLL QGSJET-Il and EPOS

Muon number

at 1500 m a.s.l. Slightly smaller
for proton induced EAS in comparison to Similar to SIBYLL Similar to EPOS
with q= 40 EPOS and SIBYLL

@E = 10% eV [192]

Elasticity Higher elasticity
far p-p interactions Highest elasticity in comparison Lowest elasticity
@B s= 10* GeV [192] to EPOS

Deeper predictions
in comparison to
QGSJET-II

@E = 10" eV [192] predictions

Deepest X max
predictions
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Cosmic-ray detection technigues

Long before the discovery of cosmic radiation and its components, there were count-
less efforts for the improvement and creation of instruments for the measurement
of the ionizing radiation phenomena observed in closed and isolated detectors ob-
served by end of the XIX century [56, 169]. Once Victor Hess discovered the cos-
mic rays, the following experimental efforts were extended to develop and apply
particle-physics detectors to study the properties of this type of radiation. From the
simplest electroscopes to ground-base particle detector arrays, to cloud chambers
and nuclear emulsions, the way humans have measured cosmic rays has rapidly
evolved through time [56, 63, 96, 197, 198]. The accurate measurement of the prop-
erties of these high-energy particles is crucial for a complete description of their
production and propagation in space. Cosmic-ray observations can be performed
with direct or indirect detection methods, both with unique characteristics. This
chapter describes the cosmic-ray detection techniques, and some of the most rele-
vant cosmic-ray experiments that have measured the spectrum within the energy
interval 10 TeV E  1PeV energy interval, which is of interest for the present
study.

3.1 Direct measurements

Cosmic ray observations can be made at ground level, on the surface or under-
ground, at high altitudes in the atmosphere, or on top of or outside the atmosphere
for the observation of cosmic rays before their atmospheric interactions. The later
are known as direct measurementand are performed with instruments that are car-
ried on airplanes or on board of air balloons, or installed at satellites or space ships
[95, 169]. Typically, direct measurement experiments are distinguished for possess-
ing an excellent energy and angular resolution, large duty cycles. In general, space-
and air-borne missions are able to detect cosmic rays before colliding with the at-
mosphere, thus making this type of instruments ideal for the measurement of the
chemical composition of galactic cosmic rays, in addition to reconstruct the total
and individual spectra. Moreover, most of the time they don't require the imple-
mentation of hadronic interaction models for data reconstruction.

The direct detection method offers the opportunity to measure cosmic rays be-
fore their interaction with or before their attenuation by the atmosphere. Once a pri-
mary impacts our atmosphere it will interact with it multiple times, losing energy in
the process or fragmenting into less energetic secondary particles. Low energy cos-
mic rays are most likely to be absorbed by the atmosphere after some consecutive
interactions without reaching ground level. The interaction lengthrepresents the av-
erage path length a particle traverses in the atmosphere before undergoing a nuclear
interaction. For example, a proton that travels vertically through Earth's atmosphere
can traverse the equivalent of up to 10 interaction lengths on its way down to the sea
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level, while heavier elements have shorter interaction lengths that translates into a
faster energy loss. On average, the proton will retain approximately 0.001% of its
primary energy at the end of its path to ground level for vertical incidence [169].

Operational dif culties to transport big objects up to the space or to the upper
layers of the atmosphere set an immediate restriction on the physical dimensions of
direct cosmic-ray detectors and their effective areas (1 m?) [169]. The observations
made with this technique can detect particles with a maximum energy in the interval
from dozens of TeV up to 1 PeV. This is a consequence of the constraint on the size of
the detectors and that the ux of cosmic rays rapidly decreases beyond PeV energies.

The physical set up of a direct detection experiment typically include one or more
of the following detectors:

Magnetic spectrometersthis experimental instruments work by using an in-
tense magnetic eld, generated by magnets placed within the experimental
arrange, to bend the paths of the incoming cosmic ray particles, and then mea-
suring how much they were de ected as they cross the detector. This informa-
tion can then be used to measure the main observables like the charge, primary
energy or chemical composition [169].

Plastic scintillators Plastic scintillators emit light when they are exposed to ion-
izing radiation, such as cosmic rays [199]. The light emission is in proportion
to the electric charge and primary energy. These detectors are widely used due
to their low cost and easy to mold into different shapes. The implementation
of plastic scintillators in an experimental setup is useful in the measurement of
the primary energy and the time of ight of charged particles, just to mention

a few [199].

Emulsion chambersThese detectors are commonly composed of thick stacked
layers of emulsion plates interleaved with target plates or X-ray Ims, among
others [200]. The interaction of a charged particle and the top layers of the
detector creates a shower of secondary particles, that is developed through
the different layers of the instrument. The three-dimensional evolution of the
secondary particle shower is engraved into the emulsion plates in the form of
traces and is analyzed to estimate the nature of the primary cosmic ray by the
distinctive features left along the detector layers. Also, these traces contain in-
formation about the nuclear interactions between the secondary particles and
the multiple target plates (or dense matter), and about the direction of the par-
ticle. Analogous to the case of extensive air showers, the primary energy is es-
timated from the recorded density of secondary particles (usually at the lower
plates). However, the particle's energy can also be estimated by the radiation
length of the particles [199, 200].

Calorimeters The calorimeters are layered detectors, similar to the structure of
an emulsion chamber. The simple structure of a calorimeter consists of lay-
ers of very dense materials (absorption layers) interleaved with particle detec-
tors such as scintillators, photomultipliers, and charge detectors among others
[169]. These detectors are optimized for measurements of the primary energy
and chemical composition. In addition, calorimeters can determinate the pri-
mary cosmic ray direction with precision. A cosmic ray that interacts with a
calorimeter collides with the multiple detector inner layers, depositing its en-
ergy into the detector at each interaction [169, 199].
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During the last and current centuries, there have been many experiments de-
veloped for the direct observation of cosmic rays. Some of them are the magnetic
spectrometers AMS [122], ATIC [201, 202], BESS [203] and PAMELA [121], and the
calorimetry experiments CALET [31, 156, 204], CREAM [8, 120, 205], DAMPE [16—
18] and NUCLEON [13]. At the moment of the writing of this work, the experiments
that are still running operations are AMS-02 [135], CALET, DAMPE and NUCLEON.

3.2 Indirect measurements

As mentioned in Chapter 2, the interaction between a cosmic ray and the air molecules
distributed in the atmosphere triggers the production of an EAS of secondary par-
ticles that spreads through its way to ground level, where it can be measured by
particle detectors distributed over large areas of land. This type of cosmic-ray obser-
vations are known as indirect measurementand are applied to detect shower events
generated by primaries with energies greater than 10 TeV up to several tens of EeV
[95]. However, the reconstruction process of the EAS event and the estimation of the
properties of the primary cosmic-ray particle, like kinetic energy or atomic mass, are
complex as they heavily depends on the simulation and the correct interpretation
of the hadronic interactions involved. Thus, indirect measurements are subject to
uctuations intrinsic to the event modeling and reconstruction. These uncertainties
are re ected in the nal reconstructions of the shower's main parameters, e.g. the
primary energy, or the shower maximum [206].

In general, a ground-based detector can measure different air shower properties
such as the lateral density distribution, shower size, shower age, particle content,
arrival direction, among others, from which the characteristics of the primary cos-
mic rays can be inferred, like primary energy and mass composition. According to
the science goal of the research team, the indirect experiments are equipped with
different kind of detectors tailored to measured several components of the EAS. The
detectors are generally located at ground level and are organized in groups. For
EAS measurements from ground level, usually the following detection systems are
employed:

Air uorescence telescope¥he air uorescence telescopes share some charac-
teristics with the IACTs, an improved angular and energy resolutions, and the
need for good observing conditions, as cloudless moonless nights. These tele-
scopes measure the emissions of orescence light. These physical phenomena
is a result of the interaction between atmospheric nitrogen and the shower's
secondary cosmic rays. This process excites nitrogen molecules, thus creating
orescence emissions, which are characterized by wavelengths ranging from
approximately 290 and 430 nm [207]. This technique does not depend on pre-
dictions from interaction models to determinate with accuracy the primary
energy of an event. The Telescope Array and the Pierre Auger observatory
employ this technique [100, 208].

Imaging Air Cherenkov Telescopes (IACThese detectors are designed for the
observation and recording of the Cherenkov light emissions generated in the
air when charged particles of the EAS crosses the atmosphere at speeds exceed-
ing the phase velocity of the light in the atmosphere. Atmospheric Cherenkov
light emissions are typical observed for wavelengths between 300 nm and 500
nm. In contrast to the patrticle arrays, an IACT requires very speci ¢ conditions

to perform measurements. These include: a cloudless sky without rain, good
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air quality, and moonless nights to reduce light pollution as minimum as possi-
ble [95]. Despite these kind of instruments posses a limited eld of view, these
instruments have an improved angular and energy resolutions in comparison
with air-shower detectors [95]. In addition, IACTs measure the primary energy
of the particles that initiate EAS through a detailed analysis of the intensity and
shape of the Cherenkov light image captured by the telescope. Some of the ob-
servatories that have employed IACT detectors for the observation of cosmic
rays are H.E.S.S. [209-211], VERITAS [212, 213], and MAGIC [214, 215]. The
Cherenkov Telescope Array observatory (CTA) is a next-generation observa-
tory for astrophysical gamma-rays that will use IACT's at the northern and
southern hemispheres, but will also have sensitivity to hadronic EAS [216].

Particle detector arraysThey are composed of clusters of individual particle
detectors that are deployed in different geometrical arrangements over large
areas at ground level to carry out cosmic-ray measurements at energies where
the intensity is low. The detectors that are employed are selected according to
the component of the air shower that is going to be studied [95]. The most com-
mon types of detectors installed in particle arrays are photomultipliers, scin-
tillator Cherenkov detectors, as well as resistive plate counters, among others.
One of the main advantages of the particle detector arrays is their large duty
cycle, as they can take data during day and night. In addition, they possess a
large eld of view, allowing them to survey large portions of the celestial vault
over the time. However, the reconstruction of the shower parameters strongly
depends on comparisons with hadronic interaction models. HAWC [217], Ice-
Top [218], LHAASO [219], and the Pierre Auger Observatory [100] are indirect
cosmic-ray detectors that contain particle detector arrays.

Radio antennasTailor-made for the detection of radio frequency pulses, typi-
cally inside the frequency interval from 30 to 30 MHz [220, 221], produced by
air showers [95], this technique provides another energy calibration method,
as well as information about the arrival direction of the primaries. In addition,

it allows to measure very inclined air showers. The radio technique is effec-
tive for showers with primary energies 100 PeV [220]. Recent technologi-
cal advances in digital electronics and the improvement in data analysis have
increased the accuracy of radio arrays for the study of EAS [222]. In recent
years, the implementation of hybrid detection methods, like radio antennas
integrated into particle detector arrays, has improved cosmic-ray studies, see
for example Pierre Auger [100] and TUNKA-Rex [223]. Finally, LOPES [224]
was a pioneer in the implementation of radio antennas for the measurement of
cosmic rays, followed by other experiments such as LOFAR [225].

3.3 Cosmic-ray experiments

This section focuses on experiments that have performed measurements of the en-
ergy spectrum of cosmic rays for energies 10TeV  E 1 PeV, since this interval is
of particular interest to the objective of this analysis. Therefore, a simple overview
of the key experiments that have contributed to the understanding of the energy
spectrum of TeV cosmic rays is presented.
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FIGURE 3.1: Diagram of the experimental set up of ATIC. This con g-

uration was employed in the different ights from the ATIC missions.

The instrumental components are: a silicon detector for tracking (1),

scintillation hodoscopes for triggering and timing (2), a graphite target

for particle interactions (3), and a BGO calorimeter for energy measure-
ment. Image sourcg201].

3.3.1 The Advanced Thin lonization Calorimeter (ATIC)

Exclusively created for cosmic ray studies, the ATIC mission operated at high al-
titudes via balloon-borne ights. The purpose of ATIC was to determine the rela-
tive abundance and energy spectra of the most representative nuclei of cosmic rays,
which include H, He, C, O, Ne, Mg, Si, and Fe, as well as the intensity of all-nuclei
forenergies50GeV E 200TeV [7, 201]. ATIC design integrated a layered struc-
ture including: silicon matrix for precision tracking, fast-response scintillators for
event triggering, carbon targets, and a high-density bismuth germanate calorimeter
for accurate energy deposition measurement (see Fig. 3.1) [201].

The rst experimental mission, known as ATIC-1, was launched on December
28th, 2000 as a ight test [7]. It was concluded that the calorimeter was too thin
and could only record a fraction of the primary particle's energy. For the second
ight, on December 29th of 2002, the calorimeter was recalibrated and its thermal
sensitivity was enhanced. This was the ATIC-2 mission. In December 2005, the
launch of ATIC-3 was a failure due to a damage to the air balloon at the takeoff
moment [226]. Finally, on December 26th, 2007, ATIC-4 was successfully launched
[227].

In particular, the energy spectrum reconstructed from the data obtained by the
ATIC-2 mission spans from 100 GeV up to 150 TeV [7]. It was derived by summing
the spectra obtained for the different nuclei species measured by the experiment.

3.3.2 DAMPE

Under the name of DArk Matter Particle Explorer(DAMPE), this space-borne tele-
scope was specially designed for the measurement of g-rays and charged particles
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FIGURE 3.2: Graphical representation of the DAMPE detector. The four
sub-detector systems are labeled in the image.
Image sourcg229].

such as electrons, protons, and heavy ions [228]. It was launched on December 17th,
2015, with the primary mission of identifying possible signatures of dark matter. Its
main array has a modular design and consists of four instrumental sub-systems: a
bismuth germanium oxide calorimeter, two layers of plastic scintillator, a neutron
detector, and a silicon-tungsten tracker (see Fig. 3.2).

Thanks to its instrumental characteristics, DAMPE is sensitive to cosmic rays
with primary energies inside the interval 100 GeV E 500 TeV [230]. In the
cosmic-ray research eld, the DAMPE collaboration has contributed with measure-
ments on the spectra of protons [28], helium [29], and H plus He nuclei [230]. Over
the last couple of years, the DAMPE collaboration reported at [231, 232] preliminary
results of the total energy spectrum of cosmic rays, highlighting the presence of a
spectral feature around 30 TeV. It is expected that this result will support that there
exists a knee-like structure located in the TeV energy region (see Fig. 3.3).

3.3.3 NUCLEON

Launched on 26 December, 2014 on board of the RESURS-P satellite (see Fig. 3.4),
with a 5-year duty cycle, NUCLEON aims to measure cosmic rays to discover new
insights into their physics, among other scienti ¢ goals.

The NUCLEON detector has a multi-layer design that includes a hharge mea-
surement system (ChMS) for particle identi cation, two complementary energy mea-
surement systems: a Kinematic Lightweight Energy Meter (KLEM) system and an
ionization calorimeter, and a trigger system. The experimental layout is shown in
Fig. 3.4. In particular, the KLEM system module includes carbon targets located on
top, and thin tungsten layers that are inserted between six silicon detectors. These
modules are employed for determining the primary energy of a cosmic ray by ana-
lyzing the angular distribution of secondary particles produced when the particles



3.3. Cosmic-ray experiments 41

FIGURE 3.3: Preliminary result of the total energy spectrum as mea-
sured with DAMPE [232]. Image Sourceg232].

interacts with a target material [233]. Overall, the instrument was designed to in-
crease the number of secondary particles at the tungsten converter by electromag-
netic and hadronic interactions, which are recorded by the ionization calorimeter.

NUCLEON aims to measure cosmic rays to discover new insights into their
physics, among other scienti ¢ goals. In particular, the NUCLEON experiment mea-
sured the cosmic-ray energy spectrum and chemical composition inside the interval
10TeV E 1PeV[13,23].

In 2019, the NUCLEON collaboration reported the reconstruction of the total
cosmic-ray energy spectrum in the energy range from 8 to 800 TeV, with evidence of
a spectral index change near 10 TeV. This result is shown in Fig. 3.11.

3.3.4 ARGO-YBJ

The Astrophysical Radiation with Ground-based Observatory at YangBaJing (ARGO-
YBJ) was an EAS experiment sensitive to cosmic-ray events in the energy range be-
tween 3 TeV and 5 PeV, and high-energy g-rays. It was located in the YangBaJing
region of Tibet. ARGO-YBJ began operations in November 2007 and closed in Febru-
ary 2013.

The ARGO-YBJ experimental facility was able to carry out precise measurements
of the shower front thanks to its experimental setup and high altitude (4300 ma.s.l.).
The central array consisted of a at layer of 1560 resistive plate counters (RPCs) that
covered an area of approximately 5772m? [234], and it was surrounded by a partially
instrumented ring-like array, which consisted of 23 clusters, each equipped with 12
RPCs (see Fig. 3.5). In 2007, as part of an experimental campaign of the LHAASO col-
laboration, two wide- eld-of-view Cherenkov telescopes were installed and tested
at the ARGO-YBJ facilities [235]. The telescopes and the experiment run in parallel,
detecting several cosmic-ray events simultaneously [235, 236].

Two of the most signi cant contributions from the experiment, was the measure-
ment of the cosmic-ray spectra of H + He within 3 TeV E 300 TeV [238] and
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FIGURE 3.4: Left panel:Layout of the NUCLEON experiment. The de-
tector was conformed by four silicon detector layers for the spatial mea-
surements and charge determination (1), the KLEM module for the en-
ergy measurement (2), silicon detectors alternating with wolfram con-
verters to increase the number of secondary particles (3), six layers of
scintillators (5), and the ionization calorimeter (4). Right panel: Dia-
gram of the RESURS-P satellite, where the NUCLEON experiment was
mounted.
Image sourcq13].

FIGURE 3.5: Representation of the physical distribution of the experi-
mental setup of ARGO-YBJ. Each cluster was composed of 12 RPCs.
Modi ed from: [237].
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FIGURE 3.6: This diagram illustrates the main components of the Ice-
Cube observatory. The IceTop experimental facility is located in the ice
surface above ICECUBE detector.

Image sourcq242].

the all-particle component for energies 80 TeV  E 20 PeV [239]. This result is
shown in Fig. 3.11.

3.3.5 IceTop

The IceCube observatory is an underground neutrino experiment equipped with
5160 optical detectors distributed over a volume of approximately 1 km 3, installed at
the Amundsen-Scott South Pole Station, Antarctica. It measures high-energy astro-
physical neutrinos by observing Cherenkov emission from their interaction with the
surrounding medium [240, 241]. Moreover, it can also measure cosmic rays through
IceTop, an outer array of Cherenkov detectors installed above the main array of Ice-
Cube. The IceTop site is situated at an elevation of 2835m, and is composed of 162
Cherenkov tanks contain transparent ice [242]. Each of these tanks has two standard
IceCube digital optical modules [242]. The tanks are paired and located at 81 dif-
ferent stations across a surface of 1km?. IceTop will undergo an upgrade to include
cosmic-ray radio emission detectors and scintillation stations [243, 244].

Due to its characteristics, this detector is dedicated to the study of cosmic rays
with energies 100 TeV E 1EeV [242]. This studies include the measurement
of total energy spectrum and complementary analyses of the mass composition of
cosmic rays [245, 246]. For the mass composition studies, the observations of Ice-
Top are complimented with the simultaneous information gathered in the IceCube's
detectors from the EAS event [246, 247]. Moreover, the reconstructed total energy
spectrum of cosmic rays with IceTop from 250 TeV to 10 PeV is reported in [245] ,
and it is shown in Fig. 3.11 along with other measurements of the spectrum.
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3.3.6 KASCADE

The Karlsruhe Shower Core and Array Detectwas an experimental facility for the
measurement of cosmic rays with energies 100TeV  E 100 PeV [248], with the
mission to discover the physical phenomena behind the spectral softening at 4
PeV that had been found in the all-particle cosmic-ray spectrum, in addition to mea-
sure the individual components of the mass group of cosmic rays within the energy
interval 100TeV  E 100PeV[109, 116]. It performed observations of cosmic rays
in the time period from 1996 to 2013. The experiment was located at an altitude of
110.0 m a.s.l., and consisted of an array of 252 scintillation detectors, both shielded
and unshielded. The separation between the detectors was 13 m. In addition, KAS-
CADE was sensitive to the electromagnetic, muon, and hadronic components of EAS
events due to its calorimeter (placed in the center of the experimental facility) and
muon tunnel detector [248]. The different detectors from the array were installed
inside an area of 40000 n? at the Karlsruhe Institute of Technology (KIT), Germany
(1022 g/cm?).

KASCADE had a major upgrade in 2003 in order to extend its maximum energy
observation limit from 10 17 eV to 10 eV by extending its physical area from 40000
m? to 490000 nt. The expansion was made by the installation of 37 detector clusters
across a surface of 700 700 m? [115] around the old array. The electronics for the
additional detector stations were inherited from the EAS-TOP experiment [115]. Af-
ter the upgrade, the new array received the name KArlsruhe Shower Core and Array
DEtector with Grande extensioik ASCADE-Grande), and was able to perform cosmic
ray studies inside the energy interval from 10 16to 108 eV [111, 115, 117].

The KASCADE and KASCADE-Grande analyses of the energy spectrum [109,
111], anisotropies [249], and mass composition [250] of cosmic rays have contributed
to a better understanding of the physics of these radiation. In particular, the mea-
surement of the total energy spectrum made with KASCADE demonstrated that
the kneeis a superposition of cutoffs in the individual spectra for different nuclear
groups [109]. These cutoffs are proportional to the electric charge of the cosmic ray
nucleus times Exnee 3 10'°. This result is supported by the KASCADE-Grande
measurements [111, 116, 117].

The energy spectrum measured with KASCADE [109, 111] is shown in Fig. 3.11,
as part of a compilation of spectrum measurements.

3.3.7 TAIGA

The Tunka Advanced Instruments for cosmic rays physics and Gamma Astro(iDAGA)
is ground-base observatory sensitive to high-energy cosmic radiation. Its elevation
is 675 m, and it runs operations at the Tunka Valley, Russia. Some of the cosmic
ray studies performed with the data from TAIGA are measurements of the energy
spectrum and their mass composition. As shown in Fig. 3.8, TAIGA is a hybrid
experiment composed of different detector systems of EAS that which operate inde-
pendently in terms of data acquisition, but are designed to provide complementary
and correlated measurements for a complete analysis of EAS events. Here below,
we list the main detector systems for cosmic-ray observations that are located at the
TAIGA complex [252, 253]:

TUNKA-133: This array covers a surface of 3 km?, and has a total of 175 wide-
angle air Cherenkov telescopes. These telescopes are arranged into 25 clusters
(seven detectors per cluster). Each cluster has its own trigger system that al-
lows it to work as a single array. The clusters are separated by 85 m from
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FIGURE 3.7: Physical location of KASCADE in Karlsruhe, Germany. In
the photo, the central detector (central building) and the 252 scintillation
detector stations (white boxes) are shown [251].

each other. TUNKA-133 studies events with energies within the interval from

6 10®eVtol 108eV [254]. From 2012 to 2019, TUNKA-133 also operated
with 63 radio antennas. This array was known as TUNKA-Rex, and is sensitive
to cosmic rays in the energy interval 100PeV E 1EeV [255].

TUNKA-Grande: The components of this array are scattered inside the physical
area of TUNKA-133 and it consists of 19 scintillation stations. The physical
area of each scintillation station is 10 m2. TUNKA-Grande also has 8 under-
ground muon counters. Its scienti ¢ goal is to measure cosmic rays within the
10PeV E 1EeV energy range [256, 257].

TAIGA-HISCORE: The High Sensitivity Cosmic Rays and gamma Explomeeasures
the Cherenkov emission from the air showers with its wide- eld optical sta-
tions composed of 4 PMTs each. TAIGA-HISCORE has a total of 120 stations
installed within an area of 1.1 km 2, and is divided into four clusters. It is sen-
sitive to cosmic rays that have energies ranging from approximately 20 TeV to
1 EeV [258, 259].

TAIGA has provided measurements of the spectrum of the all-particle compo-
nent of cosmic rays through individual or simultaneous observations from its dif-
ferent detector systems [261]. In particular, TUNKA-Grande contributes to the mea-
surement of the total energy spectrum within 1~ 10%%ev E 1 10%eV [262].
Moreover, the measurement of the spectrum with TUNKA-133 ranges from 6
10%eVtol 10'®[263], meanwhile the corresponding measurement from TAIGA-
HiSCORE covered the energy interval from2  10%eVto1l 10 eV [259]. Finally,
the combined observations from TUNKA-133 and TAIGA-HISCORE extends from
2 10%to1l 108eV[259].

The individual results from TUNKA-133 and TAIGA-HISCORE were selected for
the compilation of spectra measurements made for this work (see Fig. 3.11).

3.3.8 TIBET

The TIBET experiment was constructed in 1990 in the region of Yangbajing, Tibet at
an altitude of 4300 m. This observatory is mainly dedicated to gamma-ray observa-
tions for energies between 3 TeV and 450 TeV approximately [264], and cosmic-ray
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FIGURE 3.8: The TAIGA observatory is a hybrid detector composed of
different arrays: TUNKA-133, TUNKA-Grande, TAIGA-HISCORE, and
TAIGA-IACT. Images of these detector systems are shown in the pic-
tures above.
Image sourcq260].

measurements between 16* and 107 eV [265, 266]. The TIBET contributions to as-
troparticle physics include the analysis of the chemical composition of elemental
cosmic rays [267], their arrival direction anisotropies [268], and the measurement
of the cosmic ray energy spectrum [265]. In particular, TIBET measured the energy
spectrum of cosmic rays around kneeprovided valuable data for understanding this
phenomenon, helping to determine whether this spectral feature is caused by lim-
its on particle acceleration in galactic sources or by propagation effects [266]. It has
gone through different construction stages: TIBET-1 (1990), TIBET-Il (1994), TIBET-
11 (1999) [265]. The TIBET-III con guration consists of 761 fast-timing (FT) counters
with one Hamamatsu H1161 fast-timing photomultiplier (FT-PMT) each, 28 density
counters (D), and 249 sets of detectors each equipped with one Hamamatsu H1161
density photomultiplier (D-PMT), distributed over an octagonal grid with an area

of 36900m? as observed in Fig. 3.9. The FT counters consist of a plastic scintilla-
tor contained within a steel housing, and coupled to a photomultiplier. Meanwhile,
the D counters are also scintillation detectors, but they are optimized for measuring
particle density in an EAS event. Similar to FT counters, these are a plastic scintilla-
tor coupled to a density photomultiplier (D-PMT), but are designed to have a larger
detection area and measure all of the emitted photons by the particles [269].

Among different results, the TIBET collaboration has reported measurements of
the total energy spectrum within100TeV ~ E 100 PeV using data from the TIBET-
Il experimental array, assuming different composition abundances of the primary
cosmic rays [265]. In addition, it has studied the in uence on the reconstructed
all-particle spectrum of cosmic rays by the implementation of different hadronic in-
teraction models [265].
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FIGURE 3.9: Layout of the TIBET-III detector. The core of the array is
an ensemble of 512 standard FT detectors (light squares) and 249 FT de-
tectors equipped with a D-PMT (dark squares), distributed in a surface
of 36900 n?. The central array is surrounded by 28 density detectors
(circles).
Image sourcg265].
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3.3.9 LHAASO

The Large High Altitude Air Shower Observatorig an operational high-altitude hybrid
experiment [20] that measures cosmic ray events withinthe 1TevV E 1EeV en-
ergy interval, and TeV-PeV gamma rays. The construction stage of LHAASO began
in 2017, and the complete deployment and installment of all of its different compo-
nents ended in 2021 [20].

The complete experimental setup of LHAASO consists of three detector arrays
[20]:

KM2A: This is an array of 5195 electromagnetic particle detectors (EDs) distributed
over an area of 1 km? optimized for gamma-ray observations above 10 TeV
energies. The array also includes 1188 muon detectors (MDs). The EDs are
composed of plastic scintillator, and designed for the measurement of the den-
sity distribution of charged particles in an EAS. In addition, the MDs are RPC
detectors for the measurement of the muon density in EAS events. The sensi-
tivity of the KM2A complex for cosmic ray detection covers the energy interval
from 10 TeV to 100 PeV [20].

WCDA: The Water Cherenkov Detector Arrag distributed over a surface of 78,000
m? and 3120 detector units (each unit has two PMTs facing upwards) dis-
tributed among three ponds lled with ultra-pure water: WCDA-1, WCDA-

2, and WCDA-3. Along with the KM2A array, the WCDA is optimized for
gamma-ray observations, however, both arrays can also record hadronic air
showers. For cosmic rays, the WCDA has an energy threshold of approxi-
mately 1 TeV [270].

WFCTA: The Wide Field-of-view Cherenkov Telescope Aiggomposed of 18 IACTS,
mainly designed for the measurement of the primary energy of cosmic rays
from 10 TeV to 100 PeV [20]. The 18 IACTs are distributed within the total
area of the observatory, next to the WCDA. These instruments, are calibrated
to observe cosmic-ray events ranging from 10 TeV - 1 EeV [271].

The spatial distributions of the KM2A, WCDA, and WFCTA detectors in LHAASO
are shown in Fig. 3.10.

The LHAASO collaboration has made signi cant breakthrough contributions on
high-energy astroparticle physics, especially in the gamma-ray eld [272]. Regard-
ing the study of cosmic rays, The LHAASO collaboration has recently presented re-
sults on the reconstruction of the all-particle spectrum within 0.3 PeV E 30PeVv
[114]. Moreover, this analysis included measurements of the mean logarithmic mass,
HnAi, relevant for mass-composition studies. These measurements are important
because they contributed with experimental constrains on models that describe the
propagation of cosmic rays and their sources. For example, the variation of HnAi
with energy can indicate changes in the composition of cosmic rays, and it can sug-
gest the presence of different sources or acceleration mechanisms, like the observed
spectral bump in proton and helium data that is likely caused by a source in our
galactic neighborhood [273].

To conclude this chapter, a compilation of some of the most relevant measure-
ments of the total energy spectrum is shown in Fig. 3.11. Here, the energy range un-
der consideration spans from 1 TeV to 10 PeV. It is evident that, below the knee, most
of the observations have poor statistics, with exception of the recent high-precision
measurements made by the HAWC and NUCLEON experiments, which have be-
gun to Il the gap between direct and indirect measurements. Therefore, there is a
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FIGURE 3.10: Layout of LHAASO's experimental facility. The WCDA
(light blue rectangle) complex detector is placed at the central region,
while the WFCTA (black squares) is installed southeast, near the pe-
riphery of the WCDA. In addition, the MDs (blue circles) and the EDs
(smaller circles in red) are distributed around the WCDA.
Image sourcd20].

clear need to obtain additional measurements with high precision and statistics in
this energy range, in order to deepen our knowledge of the physical phenomena
that occur within it. Therefore, to increase the understanding of cosmic rays within
10TevV E 1PeV, it is essential to perform high-precision and high-statistics
measurements, which will help to validate theoretical models, and the potential dis-
covery of new phenomena in this energy region. The characteristics and main con-
tributions of the HAWC observatory are detailed in the next chapter.
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FIGURE 3.11: Here, ATIC-2 (light violet open crosses) [7], JACEE (light
teal open diamonds) [274], NUCLEON (red open squares) [23], PRO-
TON (gray open circles) [5] and SOKOL (light pink open stars) [275],
ARGO-YBJ (orange full diamonds) [239], BASJE (gray full circles) [15],
EAS-TOP (brown dots) [276], HEGRA (cyan asterisks) [277], ICETOP
(SYBILL 2.1, violet full stars; QGSJET-11-04, violet full squares) [245],
KASCADE (QGSJET-II-02, down-facing full triangles in azure; SYBILL
2.1 full up-facing triangles in light azure) [109, 111], LHAASO-KM2A
(red full crosses) [114], TAIGA-HISCORE (teal diamonds) [259], TI-
BET (QGSJET-01 + Heavy Dominant, up-facing full triangles in pink;
QGSJET-01 + Proton Dominant, down-facing full triangles in pink) [265]
and TUNKA (pink full stars) [263]. Also, the energy spectrum measured
by HAWC from the analysis of [22] is shown as reference (black full
circles) with its corresponding systematic error band in blue. All the
measurements were multiplied by E 26 to enhance and visualize their
features. For all data points, the vertical error bars correspond to statis-

tical uncertainties.

Modi ed from: [278].
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The High Altitude Water
Cherenkov observatory

Motivated by the progress made with the Milagro observatory in the eld of very-
high-energy (VHE) gamma-ray astronomy using the water Cherenkov technigue
[279], the High Altitude Water Cherenkov observatory (HAWC) was planned as a
new generation experiment with a modular arrange of water Cherenkov detectors
(WCDs) for the detection of EAS, sensitive to VHE gamma-rays and high-energy
cosmic rays, in particular those with TeV energies.

HAWC detects the Cherenkov light created by secondary charged patrticles from
electromagnetic and hadronic EAS as they interact with the WCDs. To maximize the
potential of this technique, HAWC needs to be installed at the highest altitudes as
possible, where the amount of secondary gamma rays and electrons is higher. This is
one of the reasons of why it was decided to install the HAWC observatory at the Pico
de Orizaba National Park (19 N, 97 W) in Puebla, Mexico [19]. The construction of
HAWC was carried out through different stages thanks to its modular design. The

rst phase began in 2011, consisting of the assembly of 30 WCDs on site, and was
nished in September 2012. The installation of additional WCDs was kept until the
goal of 300 detectors was achieved. The complete array of HAWC o cially started
operations in March 2015 and is expected to end by 2027, although a possible time
extension is expected [217].

Since 2015, HAWC has been continuously taking data and surveying the high-
energy universe. With exhaustive analyses of the measured data, the HAWC collab-
oration has contributed signi cantly to the comprehension of astrophysical g- and
cosmic rays. Some of the most relevant contributions made by the HAWC collabo-
ration are:

The discovery and study of galactic TeV sources of gamma rays like TeV halos
such as the extended regions around Geminga and Monogem pulsar [280, 281],
PeVatrons such as the regions HAWC J2019+368 and HAWC J2016+371 asso-
ciated with the Dragon y nebula and the SNR CTB 87, respectively [282, 283],
the HAWC J2227+610 region linked with SNR G106.3+2.7 [284], the star clus-
ter Cygnus OB2 [90], and our galactic center [142]. Moreover, HAWC has ob-
served very-high-energy gamma-ray emissions from pulsars such as the CRAB
[49, 285]. HAWC has also discovered gamma rays with TeV energies emitted
by the Sun [286]. HAWC has observed TeV gamma-ray emissions from micro-
guasars like SS 433 [287], V4641 Sgr [143] , which are considered as possible
hadronic acceleration regions. In addition, it has observed TeV gamma rays
from extragalactic sources, in particular, AGNs like Mrk 421, MRK 501 [288,
289], VER J0521+211 and 1ES 1215+303 [290], and M87 [291].
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The detection of +100 VHE gamma-ray sources for the rst time, which are re-
ported in the latest Third HAWC Catalog of Very-high-energy Gamma-Ray Sources
(BHWC) [292].

The measurement of the energy spectrum, mass compaosition and arrival direc-
tions of cosmic rays at TeV energies. For example:

w The measurement of the energy spectrum of the all-particle component
with HAWC. The rst measurement of spectrum was published in 2017
[22]. This result covered the energy range 10 TeV E 500 TeV, and
it was reconstructed with 8 months of HAWC data using the Bayesian
unfolding technique as the main method [50-52]. Following an update
to the spectrum study, the results were published in early 2025 [278].
The updated analysis presents the measurement of the total spectrum ex-
tended up to 1 PeV using a larger data sample of HAWC (5.3 years of
effective observational time), and an updated set of MC simulations and
reconstruction algorithms, reconstructed with the same unfolding tech-
nigue. Both measurements of the spectrum reveal a new spectral feature
atlog,,(E/GeV )= 5.9 4.6 that resembles theknee

w The measurement of the light mass group (H + He) energy spectrum be-
tween 6 and 158 TeV, using the Bayesian unfolding [124].

w The report of a composition model of cosmic rays using HAWC data [26].
From this composition result, the corresponding spectra for the different
mass groups of cosmic rays were derived, including protons, helium, and
heavy nuclei (Z > 2) within 10 TeV E 1PeV [26]. The analysis was
performed with the Gold unfolding method [293].

w An analysis of the cosmic arrival distributions of cosmic rays in the energy
interval 20TeV E  72.8 TeV. This energy-dependent anisotropy is
characterized by a dominant dipole moment primarily at 2.0 TeV E
30 TeV [294]. Furthermore, HAWC and IceCube collaborated on a joint
observation of the cosmic-ray anisotropies in the arrival direction, using
data from both Earth's hemispheres. These observations were conducted
for energies around 10 TeV [295].

Contribute to frontier physics with experimental evidences. Some of the lead-
ing analyses in this area include the search for the violation of Lorentz Sym-
metry, and the search for cosmic radiation traces linked to dark matter [296,
297]. While no de nitive con rmations of these scenarios have been found,

HAWC analyses have placed signi cant constraints on the parameters of these
models.

It is important to mention that HAWC it is currently part of multi-wavelength
sky survey campaigns with other existing experiments to map the VHE universe. In
these campaigns, the experiments survey the sky in different wavelengths and types
of particles (such as neutrinos and cosmic rays), expanding the current understand-
ing of the physics around high-energy steady and transient phenomena.

In particular, HAWC takes part in the Astrophysical Multimessenger Observatory
Network (AMON) [298]. Other participating experiments include IceCube [218],
Pierre Auger Observatory [299], Fermi-LAT [300], LIGO [301], and Virgo [302], among
others. This network enables coordinated follow-up observations of interesting events,
such as gravitational wave detections and neutrino emissions from active galactic
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FIGURE 4.1: The HAWC observatory, its geographic location is in

Puebla, Mexico, at a saddle on the slopes of the Sierra Negra Volcano.

The Pico the Orizaba Volcano, covered by the snow, is observed in the

background, as well as traces of an old lava eruption from the volcano.
Image creditHAWC collaboration.

nuclei (AGN), leading to a more comprehensive understanding of these phenomena
[298, 303].

4.1 Particle detector array and electronics

The experimental facility of the HAWC gamma-ray and cosmic-ray observatory is
installed in a saddle at the slopes of the Tliltepetl (Sierra Negra) volcano, next to an-
other volcano, which is known as Ciltlatepetl * (Pico de Orizaba), both located in the
Pargue Nacional del Pico de Orizalbdexico (see Fig. 4.1). The primary detector array
of HAWC is composed by a compact modular arrangement of 300 WCDs lled up
with ultra-pure water (each lled with 180000 liters of water), distributed over
a at area of 22000 m? (with 62% of physical coverage) at an altitude of 4100 me-
ters (637 g/cm? of grammage or 17.4 radiation lengths) [217]. This is a privileged
position since it is near the position of the maximum development of TeV events,
increasing its sensibility to detect these events and to measure in detail the lateral
spread of the EAS. With a wide FOV of 2 sr at any moment, HAWC is able to map
two-thirds of the sky in a time-lapse of 24 hours.

In addition, the compact distribution and modular design of the WCDs, the large
physical coverage of the experiment, its high altitude, and the number of detectors,
enhance HAWC's capability to measure in detail the lateral distribution of secondary
particles at ground level, and to successfully discriminate gamma-ray induced EAS
from hadronic events [49, 124, 217, 285, 304].

1The Nahuatl words Tliltepetl and Ciltlatepetl mean black mountainand star mountainin english,
respectively.
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