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ABSTRACT

The sources of highly energetic cosmic rays are still not fully understood. Better
accuracy in composition measurement at di erent energies is essential to establish the
origin of these energetic particles. IceTop is a cosmic-ray air-shower detector at the
South Pole that is sensitive in the energy range of transition from the highest energy
galactic sources to the extragalactic sources. However, IceTop is losing e ciency due
to the continuous accumulation of snow above its ice-Cherenkov tanks. There is an
ongoing e ort to enhance IceTop with additional detectors, in particular, scintillator
panels and radio antennas, with raisable stands. Radio antennas have better sensitivity
to inclined air showers due to the stronger geomagnetic radio emission from such air
showers. The coincident measurement of inclined cosmic-ray air showers with IceTop
tanks and radio antennas can improve the measurement accuracy and, consequently,
increase the sky coverage for mass-sensitive anisotropy studies using IceTop.

The polarization of radio emission from air showers is used to understand the
contribution of the Askaryan and the geomagnetic radio emission mechanisms. The
feasibility of using the direction of air showers and the relative Askaryan fraction of
their radio emission in reconstructing the depth of shower maximum, ., which is
sensitive to the mass of the cosmic-ray primary particle generating the air shower, is
investigated. The theoretical X,ax resolution achievable with this technique is 20 -
40 gcm 2, comparable to other techniques. Also, in an e ort to improve the trigger
e ciency of IceTop tanks to higher zenith angles, a new trigger was implemented
with relaxed trigger conditions and validated with the rst data from the South Pole.
The improvement on the simulated full e ciency threshold compared to the standard
trigger is about 0.2 in log10(E/eV) for vertical events and about 0.5 in log10(E/eV)

for inclined events.
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Chapter 1
INTRODUCTION

Cosmic rays, which are mainly protons and atomic nuclei of very high energy,
propagate large distances in space and eventually reach Earth. Being charged patrticles,
they can get accelerated to a very high energy in the highly energetic regions of the
Universe and thus be used as a probe of the Universe at extreme energies. Some
probable sources outside our galaxy include supermassive black holes in Active Galactic
Nuclei (AGN), which can have jets capable of accelerating cosmic rays to very high
energy. Energetic cosmic rays with energy beyond PeV have been measured, which are
known to be of galactic origin but could not be explained by possible galactic sources
like SuperNovae Remnants (SNRs). The supermassive black hole at the galactic center
could be a source candidate for the highest energy cosmic rays, but this has not been
established yet. Hence, the most energetic galactic source of cosmic rays is still an open
guestion. As a given source region can accelerate heavier nuclei to a higher maximum
energy than lighter nuclei, the measurement of cosmic ray composition as a function of
energy with improved accuracy helps to understand the nature of cosmic ray sources.

Cosmic rays beyond PeV in energy are studied indirectly based on the extensive
air showers they generate in the atmosphere. Such extensive air showers can be detected
from the ground using di erent techniques. With the dedicated cosmic-ray air-shower
detector on the surface, called IceTop, together with the deep optical detector in the
ice, the IceCube Neutrino Observatory measures air-shower particles at the South
Pole. IceTop consists of 81 stations of ice-Cherenkov tank pairs spread over an area
of 1 km? and is sensitive to most energetic galactic cosmic rays (1 PeVto 1
EeV) [1, 2]. The planned Surface Array Enhancement (SAE) with additional detectors,

in particular, scintillator panels and radio antennas, and the future lceCube-Gen2



Surface Array are expected to improve the measurement of air showers further. For
very inclined air showers, the scintillator panels are not e cient. As the magnetic eld

at the South Pole is almost vertical, the radio emission from air showers gets stronger
with inclination due to stronger geomagnetic contribution. So, the radio technique is
particularly sensitive to the inclined air showers. In addition, radio emission from the
electromagnetic component of air showers is well understood, and the radio technique
can give a better measurement of the depth of the shower maximum, the mass-sensitive
parameter. These improvements in air shower measurement with IceTop will contribute
to understanding the most energetic galactic sources of cosmic rays.

The South Pole, a remote location on the Earth, nevertheless has some an-
thropogenic radio background in addition to the radio background from the galaxy.
Simulation is essential to understand the radio signal in the pulse measured with the
antennas. So, | simulated radio emission from the cosmic-ray air showers at the South
Pole. Among others, the polarization of the air-shower radio signal can be utilized to
study di erent radio emission mechanisms in an air shower. This is possible because of
the di erent polarization characteristics of geomagnetic and Askaryan emission mech-
anisms and their interplay, described in detail in Chapter 2. The depth of shower
maximum, Xmax, IS sensitive to the mass of the cosmic-ray primary. Heavier cosmic
rays initiate an air shower early in the atmosphere and have a shallower depth of shower
maximum than lighter cosmic rays. Also, the shower maximum is the region from where
most of the radio emission originates. | investigated the dependence of di erent radio
emission mechanisms with X.«x and the zenith angle of the shower and studied the
prospect of exploiting the dependence to develop a new tool for the reconstruction of
Xmax -

To increase the coincident detection of air showers using IceTop tanks and radio
antennas, | worked on a new trigger for IceTop with relaxed trigger requirements. At
the IceTop altitude of 2.8 km above sea level (680 gcrf) [3], shower maxima of
vertical air showers are generally close to the ground with a large number of air-shower

particles hitting the IceTop tanks. However, inclined air showers have to travel through



a longer column of the atmosphere and develop beyond shower maximum. Thus, the
electromagnetic component starts to get absorbed in the atmosphere. Muons in the air
shower still reach the detector at the ground as they are highly penetrating. The snow
that accumulates on top of the IceTop tanks also contributes to the further absorption
of electromagnetic component. Also, air-shower particles spread over a larger footprint
on the ground for inclined air showers. Most inclined air showers have sparse single-
tank hits in IceTop. In contrast to the existing trigger requiring both tanks of a station

to have hits in coincidence, the new trigger utilizes these single tank hits, too, to form
a trigger. The relaxation of trigger conditions also allows low-energy events that may
not be useful or reconstructible. To address this issue, a lter based on simple plane
shower front reconstruction is being developed to select the inclined events.

Cosmic rays and extensive air showers will be described in detail in Chapter 2,
and the IceCube detector will be introduced in Chapter 3. Chapter 4 details the
polarization study of the radio emission from cosmic-ray air showers at the South Pole.
Chapter 5 describes the new trigger for IceTop and an inclined lIter, and conclusions

are drawn in Chapter 6.



Chapter 2
COSMIC RAYS

A cosmic ray is an important tool that allows us to probe the extremely energetic
regions in the Universe, in addition to other messengers like neutrinos;rays, or
gravitational waves. In this chapter, cosmic rays, their sources, composition, etc., will
be described. This chapter will also detail extensive air showers initiated by cosmic

rays and their detection using particle detectors and radio antennas.

2.1 What are cosmic rays?

Cosmic rays are energetic charged particles arriving on the Earth from outer
space, from sources within our galaxy, and from outside. This predominately includes
nuclei ranging from protons to iron, produced in some astrophysical sources. In 1912,
Victor Hess discovered the extra-terrestrial origin of these cosmic rays from his observa-
tion of ionizing radiation during his balloon expeditions higher up in the atmosphere [4].
Later, in 1938, Pierre Auger discovered time-coincidence in the measurement of such
energetic charged particles using spatially-separated detectors, pointing to the exis-
tence of extensive air shower of secondary particles created by the same cosmic ray
primary as it enters and interacts with the Earth's atmosphere [5]. The energy of
cosmic rays can reach up to several tens of Joules [6]. This indicates that there are
extremely energetic processes in the Universe that can accelerate these charged parti-
cles to such extreme energies. In this regard, the measurement of such particles allows
for understanding the Universe at these extreme energies. In addition, such cosmic
rays and particles generated by them in the atmosphere act as the natural setting
for understanding particle behavior at extreme energies, far beyond what is possible

in particle colliders at the Earth. In fact, particles like positrons (&), muons ( ),



pions (), etc., were rst discovered using cosmic rays [7, 8, 9]. Similarly, these ob-
servations enabled the development of models of elementary particle physics like the

standard model.

2.1.1 Sources

Low energy cosmic rays below a few tens of GeV can originate in the Sun's
corona [10] correlated with solar ares. However, the sources of highly energetic cosmic
rays are still under active investigation, and there are some probable candidates. These
cosmic rays are produced in some astrophysical sources and get accelerated to a very
high energy, likely in some shock regions. Cosmic-ray particles will escape the magnetic
eld of the accelerating region as soon as their Larmor radius exceeds the size of the
accelerator, hence limiting the maximum energy of the particles originating from that

particular source [11]. The maximum energy is given by
Emax /| Z€BR (2.1)

where Ze is the charge of the particle, R = comoving sizegives the size of the region.
This criterion, known as the \Hillas Criteria", is illustrated using Fig. 2.1. The gure
indicates that the possible sources of 10eV cosmic rays are neutron stars, active
galactic nuclei (AGN), gamma-ray bursts (GRB), galaxy clusters, etc.

SuperNova Remnants (SNRs) have energetic shock regions that can accelerate
cosmic rays up to several tens of TeV in energy through di usive shock acceleration.
This is evident from the detection of pion-produced -rays from SNRs [13]. The su-
permassive black hole (Sagittarius A in the galactic center of the local Milky Way
galaxy can also accelerate cosmic rays to 1 PeV energies in its accretion region or
out ow termination region [14]. Another potential source of galactic cosmic rays is a
star-forming region like the Cygnus Cocoon that can emit cosmic rays of 10 TeV to

1 PeV [15]. The most energetic galactic sources of cosmic rays have not been fully
understood, as are the extragalactic sources. IceCube reported astrophysical neutri-

nos from a blazar TXS 0506+056, and an active galaxy NGC 1068 [16, 17]. Blazars



Figure 2.1: Modi ed Hillas Plot showing astrophysical sources as a function of magnetic
eld strength and size. gives the shock velocity. The solid (dashed) red line indicates
the Hillas criteria for the production of 1G° eV proton for = 1.0 ( = 0.01). Blue
shows the corresponding line for iron. Plot taken from [12].

are active galactic nuclei (AGN) with supermassive black holes having relativistic jets
pointed toward the observer at the Earth. NGC 1068 is a starburst galaxy (with a high
rate of star formation) that also hosts an AGN with a supermassive black hole in its
core. These source types are probable sources of ultra-high-energy (UHE) cosmic rays
too. Cosmic rays are likely to be accelerated to ultra-high energy in the relativistic jets
or accretion region of these supermassive black holes in AGN. The anisotropy of cosmic
rays above 40 EeV measured by Pierre Auger Observatory favors starburst galaxies as
a source of cosmic rays [18].

The energy of cosmic rays spans several orders in magnitude, from beloWe\d
to beyond 13° eV, as can be seen in Figure 2.3. For the most energetic cosmic rays,
the ux decreases and becomes very low. The spectrum also shows several features

that could indicate di erent source types. The knee and second knee could indicate



the beginning of limits in maximum energy of lighter and heavier galactic cosmic rays,
respectively, and the ankle could indicate the region when extragalactic contribution to

the cosmic rays becomes prominent. Anisotropy in the arrival direction of cosmic rays

Figure 2.2: The phase (top panel) and the amplitude (bottom panel) of the cosmic
ray dipole obtained from 1-dimensional projection of relative amplitude along right
ascension is plotted as a function of reconstructed energy for various experiments.
Plot taken from [19].

can provide an important clue about the locations of their sources. Figure 2.2 shows
the phase and amplitude of dipole anisotropy over a large range of energies. There is a
transition in both the phase and amplitude of dipole anisotropy of cosmic rays around
100 TeV in primary energy. The amplitude increases with energy thereafter. Around
8 EeV and above, the excess is clearly away from the galactic center, indicating the
extragalactic nature of UHE cosmic rays [20].

The ux at the highest energy gets suppressed. This could be due to the limita-
tion in the highest energy sources available in the Universe, or due to the photodisin-

tegration of nuclei, or the interaction of cosmic ray protons with background photons



Figure 2.3: Cosmic ray energy spectrum for all high-energy cosmic-ray particles as
measured by multiple experiments. Plot taken from [24].

like in cosmic microwave background during propagationGZK cuto )[21, 22].

! T T

p n pee ¢

(2.2)
0

l'p Y

If con rmed, the GZK cuto would mean that the highest energy cosmic rays can not
reach the Earth from distances beyond 100 Mpc [23]. The cosmogenic neutrinos
produced in such interactions can still make it to the Earth, thus requiring a multi-
messenger approach that also includes neutrinos;rays, gravitational waves, etc., to
get a better view of the distant Universe at the highest energies. Even within the local
Universe, nature may run out of energetic accelerators that can produce the highest
energy cosmic rays, a ecting the ux at the highest energy.

As cosmic rays propagate towards the Earth, they get de ected in the extra-
galactic and galactic magnetic elds. These cosmic rays can be detected directly using
detectors on satellites or balloon payloads only up to a few hundred TeV in energy,

limited due to constraints in the e ective area of the detector and decreasing cosmic ray



ux at higher energies. Satellite-based detectors like ISS-CREAM, CALET, DAMPE,
etc. are pushing the limit of direct measurement to higher energy [25, 26, 27], but the
technique starts to become infeasible beyond 1 PeV. This necessitates the use of
ground-based detector arrays to measure the extensive air shower the energetic cosmic
rays create in the Earth's atmosphere in order to study such cosmic rays indirectly. In
such cases, the air shower particles can reach the Earth's surface and can be detected by
using particle detectors at the surface or underground. Among several other techniques,
ultra-high-energy (UHE) cosmic rays (above 100 PeV in primary energy) can also be
detected using a radio technique in which radio emission from the electromagnetic
components of the air shower is measured using an array of radio antennas on the

ground.

2.1.2 Composition

Cosmic rays include nuclei ranging from proton to iron and beyond. In direct
measurement of cosmic rays, the ux of these nuclei can be individually identi ed
based on their charge and mass. However, in air-shower experiments, only the average
mass composition of the cosmic ray primary can be estimated as a function of energy.
Cosmic rays are usually divided into around four mass groups represented by leading
elements p, He, O, and Fe. Figure 2.4 shows the total ux of cosmic rays as a function
of primary energy by combining measurements of various direct detection and air-
shower experiments. It also shows the contribution of each of the four mass groups
over energy using the Global Spline Fit (GSF) method to the data [28]. This shows that
the contribution from various elemental groups varies over the energy range, giving rise
to spectral features in the total ux. The simple scenario of cosmic rays being con ned
to the accelerating region by a magnetic eld before they eventually escape leads to
the \Peters cycle" [29] under which cosmic rays of all nuclei have common maximum
rigidity. Hence, the maximum energy carried by the cosmic ray depends linearly on its
charge (Ze) as given in Eq. (2.1). The Peters cycle is unable to explain the measured

cosmic ray spectrum towards the highest end, and attempts have been made to explain



Figure 2.4: Cosmic ray ux as a function of primary energy from measurements and
GSF model. Total ux (black, solid line) as well as individual uxes of p group (red,
solid line), He group (yellow, dashed line), O group (green dash-dotted line), Fe group
(blue, dotted line) are shown. The line represents t from the model with bands
showing 1 variation. Elemental ux of O and Fe are also shown without error band.
Error bars on data points of various experiments represent combined systematic and
statistical uncertainties. Plot taken from Ref. [28].

it with a modi ed Peters cycle (scaled with energy losses before escape from the source)
or other alternate models [30].

The measurement of mass composition as a function of primary energy provides
constraints of the acceleration mechanisms of cosmic rays and their propagation to
Earth. Figure 2.5 shows the mean logarithmic mass InA > predicted by di erent
models of cosmic ray sources in comparison to data obtained from the shower depth
measurement of cosmic rays from 1 PeV to 100 EeV using optical detectors [31]. The
cosmic-ray mass composition changes with primary energy. The large systematic uncer-
tainties in the measurement ok InA > are mainly due to an incomplete understanding

of hadronic-interaction models used in air-shower simulation and due to measurement
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uncertainties. Investigating methods to improve the accuracy of mass measurement
is thus an important task in the eld of cosmic ray physics. The improvement in the
measurement of mass composition can help to identify or rule out probable sources of

cosmic rays.

Figure 2.5: Mean logarithmic mass from air shower measurements and from recent
source models. Plot modi ed from Ref. [31].

Composition measurement of cosmic rays at Earth can also carry a signature of

propagation e ects on cosmic rays. Due to the GZK e ect, protons at energies above
70 EeV [23] undergo photo-pion decay. Heavier cosmic rays can undergo energy

loss by photodisintegration into lighter cosmic rays. This results in a di erent horizon
for di erent cosmic ray species ranging from 5{250 Mpc [32]. At given energy, the
de ection of cosmic rays during propagation in a magnetic eld also depends on their
rigidity and, thus, on their mass. The mass-sensitive anisotropy study shows that at
energies above 187 eV, the cosmic rays from the galactic plane are heavier than that
from o -plane region [33, 34]. Better estimation of cosmic-ray mass can also help to

better understand the propagation e ects and observed anisotropies.
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Figure 2.6: Schematic diagram of a cosmic-ray air shower [35].

2.2 Extensive air showers

Energetic cosmic rays can be studied by measuring the extensive air showers
initiated by them in the atmosphere. This indirect detection method may not have the
precision of direct measurement due to variability associated with the development of
air-shower in the atmosphere, incomplete knowledge of hadronic interaction scenarios,
etc., but it is indispensable to study energetic cosmic rays with very low ux, and e orts
are being made to reduce the inherent uncertainties associated with the method.

Earth's atmosphere extends even beyond 100s of km from the Earth's surface,
but gets extremely thin as one moves further away from the Earth at that extreme
distance. As the energetic cosmic ray primary enters the Earth's atmosphere, it can
interact with the air molecules and initiate an extensive air shower.

The schematic diagram of the cosmic-ray air shower is shown in Fig. 2.6. The
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(b) Hadronic shower (a) Electromagnetic shower

Figure 2.7: Schematic diagram of the hadronic shower (left plot) and electromagnetic
shower (right plot). Adapted from [37].

cosmic ray particle can interact with air molecules and produce pions, kaons, etc. Neu-
tral pions can decay into a pair of gamma-ray photons ¢! 2 ) which in turn produce
more particles through a series of pair-production (! €"e ) and bremsstrahlung
(e ' e ). This leads to the development of electromagnetic components of air
showers. The charged pions and kaons interact further, producing more particles in
the hadronic cascade or decay into muons, contributing to the muonic component of
the air shower.

The air shower development is a very complex process but can be understood
very well using a simpli ed model, rst used by Heitler [36] to explain electromagnetic
shower and later expanded to hadronic shower by Matthews [37]. In this model, a
cosmic ray primary interacts with an air particle and produces pions, out of which
two-thirds are charged pions () and the rest are neutral pions (°). This is depicted
in Fig. 2.7(a). The neutral pion decays soon into -ray photons which initiates an
electromagnetic shower as shown in Fig. 2.7(b). The-ray photon decays in to an
e"e pair. Thesee' ande can produce more -ray photons through bremsstrahlung.

At each of these processes, the particle number doubles, and the energy per particle

splits in half. If the collision length is ¢y, there will be X/ ¢, collisions after slant
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depth X. So, the number of particles at slant depth X is given by
N(X)=2% enm: (2.3)
and the energy per patrticle is
E(X) = Eg"=N(X); (2.4)

where EG™ is the initial energy in electromagnetic shower. The shower continues to
grow as long as the particles have energy above the critical energy,(about 87 MeV for
electromagnetic showers [23]), and beyond that, absorption and decay will dominate,
and the number of particles in the shower will start to decline. The number of particles

at the shower maximum will be
N (Xmax) = Eg=Ec (2.5)

Eq. (2.3) and Eq. (2.5) lead to the depth of shower maximum,

Xmas = om0 E0) 2.6)
The electromagnetic component dominates the shower maximum of cosmic ray air
showers.

The charged pions, on the other hand, may interact again after an interaction
length i, producing more pions as shown in Fig. 2.7a. At each generation, one-third
of pions are neutral pions (°), which decay immediately into -ray photons feeding
into the electromagnetic component of the air shower. The energy content of hadronic

and electromagnetic components aftem such generations will be,

2 " 2 "

whereEj is the initial cosmic ray energy.
After n 6 generations, about 90% of the initial shower energy is carried by

the electromagnetic component of the air-shower [23, 38].
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The growth of the hadronic cascade continues as long as the energy of pions is
greater than their decay energyEqec. After that, the charged pions can decay into
leptons and neutrinos by a weak interaction,

+ l +
(2.8)
!
As described in [23], if there ared charged pions out of i, total pions produced
in each generation that later will decay into muons, aftem generations, the muon

number is given as,

E
N =)= 2 (2.9)
dec
where = 1In ng/In Ny and Eo/ Egec = (Nt)" . A nucleus with mass A and en-

ergy Eo can be generalized as A independent nucleons with energy/A under the

superposition model [23] leading to
Xhax(Eo) = Xmax(Eo=A) +constant ( o p): (2.10)

where the second term is the constant related to the rst interaction length with
and , representing the interaction length of given nuclei (A) and proton respectively

and

E():A - Al EO
Edec Edec
It can be seen that %,,x and muon number are both sensitive to the mass of the

NA(Ep) = A: (2.11)

primary particle. Heavier cosmic rays produce more muons and will have shallower

Xmax .

2.2.1 Air shower simulations

The Heitler-Mathews model gives a simplistic picture of an air shower to un-
derstand its basics, but in order to be able to make realistic predictions and explain
the measured data, all the complex stochastic interactions possible in air showers need
to be accounted for in a Monte Carlo simulation. Electromagnetic interactions are

relatively well understood using quantum electrodynamics but hadronic interactions
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need to be modelled based on measurements in collider experiments. When cosmic
ray nuclei interact with air nuclei, heavier mesons like Kaons (K, K°), etc. nuclear
fragments, etc., can be produced instead of just pions. One of the particles may carry
most of the energy as a leading particle, leaving the remaining energy for the produc-
tion of additional secondary particles [39]. The information about the cross-section of
relevant interactions in an air shower is obtained from accelerator experiments like the
Large Hadron Collider (LHC), but such experiments have been able to probe energy
only up to 10'” eV (about 14 TeV in the center of mass energy). The rst interaction
of the UHE cosmic ray and a few subsequent ones can reach energies well beyohd 10
eV, and extrapolation needs to be used to model the interaction. In addition to that,
collider experiments mostly measure p-p collisions. The interaction of cosmic rays
with air nuclei can be better understood from p-O or p-N collisions. Also, colliders
do not probe interactions in extreme forward regimes (along the beam axis, pseudo-
rapidity! ! 1 ) relevant for cosmic rays. Multiple hadronic interaction models
like SIBYLL [40], QGSJET [41], EPOS-LHC [42], etc., are available based on inputs
from LHC measurement. However, the incomplete understanding of the hadronic in-
teractions in air showers leads to systematic uncertainties in the evaluation of data.
E orts are being made to better understand the hadronic interaction and reduce these
systematic uncertainties by, e.g. measuring a p-O collision run [43], putting additional
detectors to probe the extreme forward regime of particle collisions at LHC, etc [44].
CORSIKA (COsmic Ray Simulations for KAscade) [45] is one of the widely used
Monte Carlo simulation codes for cosmic ray air showers. It takes a steering le with
information like the type of primary cosmic rays, energy, direction, etc., as input. It
deals with the interaction of CR nuclei with air nuclei and the production of secondary
particles and tracks their scattering, decay, or further interactions until they reach the
observation level in the ground. CORSIKA has been used to simulate air showers for

the work done in this dissertation.

1 In tan(s) , = angle between particle momentum and beam axis
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The mass estimate from X.x (dependent on the electromagnetic component of
the air shower) and muon number (dependent on the hadronic component of the air
shower) are expected to agree with each other but, due to insu cient understanding of
the hadronic interactions in air showers at very high energy, discrepancy exists, known
as the \muon puzzle" and there are ongoing e orts made by the cosmic-ray physics

community to address this issue [46].

2.2.2 Shower prole
The number of particles in an air shower evolves as the shower develops in the
atmosphere. The phenomenological description of the longitudinal shower pro le is

given by the Gaisser-Hillas function [23, 47]

X X, (Kme X0)= X X
NOX) =N max ———— exp M (2.12)
Xmax Xl

where X; (point of rst interaction) and (=55 - 65 g/cm 2) are parameters of the t
and N(X) gives the particle number at atmospheric depth of X.

Figure 2.8 shows the average longitudinal and lateral pro le of a simulated air
shower. Hadronic, muonic ( ), and electromagnetic (e, -photons) components of
air showers grow in number, reach maximum, and then decline during their progression.
The electromagnetic component has the largest particle nhumber overall, followed by
muons and hadrons. The lateral shower pro le at the ground shows that at the shower
core, the number of e, -photons dominates, but as the observer moves away from
the core, the electromagnetic component of the shower dies more rapidly than hadrons

or muons.

2.2.3 Inclined air showers

Air showers with a zenith angle greater than 45can be considered inclined
air showers, but some air-shower experiments consider air showers beyond @0
which point, depending on the altitude of the experiment and energy of air shower,

the electromagnetic component is mostly absorbed in the atmosphere) as inclined air
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Figure 2.8: Average longitudinal (left) and lateral (right) distribution of air-shower
particles initiated by 10'° eV proton at the location of Pierre Auger Observatory. Plot
taken from Ref. [48]

showers. The properties of inclined air showers can be di erent to more vertical air
showers for multiple reasons. Inclined air showers typically develop higher up in the
less dense region of the atmosphere. Some charged pions produced in the air shower in
the less dense region fail to interact with air molecules before they decay into muons.
The inclined air shower traverses a longer grammage in the atmosphere than a more
vertical air shower and, hence, has better opportunity to fully develop. The particle
number in the air shower will grow until the shower maximum and, beyond that, the
shower starts to decline. With the shower maximum higher up in the atmosphere,
the electromagnetic component of such very inclined air showers becomes attenuated
before reaching the ground. Hence, the particle contents are rich in muons at the
ground. Depending on the observation altitude, the particles reaching the ground
can be only muons for very inclined air showers as the electromagnetic component
of air showers can be completely absorbed in the atmosphere. However, the muons
themselves can initiate small electromagnetic sub-showers through decay (low energy

muons, E few GeV) and through interactions like bremstrahlung, pair production
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or hadronic interactions (high energy muonsi: few 100 GeV) [49].

There are multiple channels of production of muons in an air shower. Muons
are produced conventionally from pion and kaon decay. In addition, they can also be
produced from decay of charmed hadrons likBe mesons, . baryons or from decay
of un avoured mesons like , °, ©, 1, , etc. or from pair production of *  [50].
Energetic muons are more likely to reach the detector at the ground

In addition, particles reaching the ground are sparsely distributed because in-
clined air showers have a larger footprint on the ground due to geometrical projection.
So, a detector array will record sparse hits from the air-shower particles. As the Earth's
geomagnetic eld is nearly vertical at the South Pole (17 ), charged air shower par-
ticles in inclined air showers feel a stronger Lorentz force due to a larger geomagnetic
angle. As inclined air showers develop for longer in the atmosphere, shower particles
are subjected to the geomagnetic eld for a longer duration, creating a greater asym-
metry in the muon footprint on the ground. The asymmetry in muon density from very
inclined air showers ( = 84 ) simulated at the Pierre Auger site can be seen in the
left plot of Fig. 2.9 where muon density is polarized perpendicular to the geomagnetic
eld in the shower plane. In contrast, a vertical air shower generally has symmetric
particle density about the shower core when observed in the shower plane.

Radio emission from the electromagnetic component of the inclined air shower
is also much stronger due to the larger geomagnetic e ect. Radio detection of very in-
clined air showers can be particularly important when very few shower particles make
it to the ground, insu cient for shower reconstruction. In this case, radio emission
from the air shower can still make it to the radio antennas because radio signals are
practically unattenuated in the atmosphere. The right plot of Fig. 2.9 shows the ra-
dio footprint of an inclined air shower at the IceTop location. Radio emission arrives
simultaneously to an observer at the Cherenkov angle from the shower axis, leading
to additional coherence and stronger radio emission, forming a Cherenkov ring in the
radio footprint. Without such an e ect, the radio emission would have fallen o mono-

tonically away from the shower axis. The radio footprint can develop complicated
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Figure 2.9: Left: Simulated muon density contour in the shower plane for ¥0eV
proton showers with zenith angle = 84 at the Pierre Auger Observatory which has
di erent altitude and geomagnetic eld than IceTop. The geomagnetic eld is along
the y-axis. Right: Simulated energy uence of radio emission from an air shower with
zenith angle =58.2 at the IceTop location. The location of three radio antennas in
the prototype station is also shown. Plot taken from Ref. [51] and Ref. [52]

features for very inclined air-showers [53]. A detailed discussion on radio detection of
cosmic rays is given in Section 2.3.2. Using particle detectors to measure the muonic
component and radio antennas to measure the electromagnetic component, coincident
detection with particle detectors and radio antennas is expected to improve the study

of the energy and mass measurement of inclined air showers.

2.3 Detection of air showers

Several detection techniques have been used for air shower detection. Air show-
ers can be observed by directly detecting the air shower particles that make it to the
ground using particle detectors like scintillators or ice/water-Cherenkov tanks. Air
showers can also be observed by measuring di erent electromagnetic emissions from
charged shower particles in the atmosphere. These shower particles excite the nitrogen
in the air, which then emits ultra-violet uorescence emission that can be detected
using a uorescence telescope. Cherenkov telescopes are also utilized to measure air

showers utilizing Cherenkov photons emitted by charged shower particles moving faster
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Figure 2.10: Diagram showing Cherenkov emission.

than the speed of light in the air. Air showers also emit radio emission that can be
detected using radio antennas on the ground. Some of those techniques relevant to this

dissertation are described below in detail.

2.3.1 Ice-Cherenkov tanks

Ice-Cherenkov tanks are particle detectors. When an air shower particle enters
the ice at a velocity greater than the phase velocity of light in the ice, the polarization
of the medium along the patrticle trajectory leads to the emission of Cherenkov photons.
This can be understood using Huygens's wavefront scheme as depicted in Fig. 2.10. If
a charged particle travels in a medium (refractive indexi) with velocity = v/c >
1/n, in unit time, the radiation wavefront will travel ¢/ n, and the particle will travel
distance c. Here,c is the velocity of light in a vacuum. The Cherenkov photons are

produced in a cone with the Cherenkov angley, given by,
c=n 1
== = 2.1
COS h c - (2.13)

Using the refractive index of ice, n=1.32, and 1, the Cherenkov angle is 41.
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The number of Cherenkov photons per unit path length per unit wavelength

can be obtained using the formula by Frank and Tamm [54, 24] as given below:

d?N _4222(&‘2 1 _222 -
oxd - ez Y oz Tz SIMoan (2.14)

where N is the number of Cherenkov photons, x is the path length,is the wavelength,

ze is the charge of the particleh is Planck's constant and is the ne structure con-
stant. These photons can be detected using photomultiplier tubes (PMTs) in the
Digital Optical Modules (DOMSs) present inside the tanks. The number of Cherenkov
photons seen by these PMTs is proportional to the track length of any air-shower
particles in the tanks. These ice-Cherenkov tanks have di erent responses to elec-
tromagnetic components than muons. As muons are highly penetrating, they pierce
through the tanks, and hence the muon signal depends on the geometry of the tank
along the muon track. Muons that pass vertically in the tanks produce characteristic
signals because most muons are minimum ionizing particles (MIPs). The signal is used
to de ne a unit of signal called 1 VEM (Vertically Equivalent Muon). On the contrary,
electrons and positrons generally lose all their energy inside the tanks, and thus the
signal produced by them follows their energy distribution with mean signal equivalent
to 10 cm of track length [55]. Figure 2.11 shows the characteristic peak of 1 VEM
due to muons in the tank signal above the electromagnetic background.

Based on the timing information of signals seen by the several tanks in an array,
the direction of the air shower can be reconstructed. The energy and primary type
can be reconstructed based on the strength of signals seen by the tanks and the lateral
distribution function (LDF) tted to them. The energy-sensitive shower size parameter
can be de ned as signab,es measured at reference distanages (= 125 m for IceTop).
The signal LDF can be modeled using the following equation

; 10910(r=r et )
S(r) = Sref e (2.15)

where and are slope and curvature parameters at,. Figure 2.12 shows the

simulated air shower signal in IceTop as a function of distance from the shower axis.
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Figure 2.11: Charge spectrum of a high gain DOM in IceTop tank 61A as measured in
2012. The black line is t with the muon part shown in green and the electromagnetic
part shown in red. Charge is given in the units of PE (photo-electron). Plot taken
from Ref. [3]

The signal is strongest close to the core and decreases away from it. As seen in the
plot, the electromagnetic LDF is steeper than the muon LDF, and hence the muon

contribution to the signal becomes stronger at a larger lateral distance.

2.3.2 Radio detection

In addition to particle detectors, cosmic-ray air showers can also be detected us-
ing the radio technique [57, 58]. Cosmic-ray air showers emit forward-beamed coherent
radio waves, which can be detected by radio antennas on the ground. As the shower
develops, the number of charged particles grows, reaches a maximum, and then dimin-
ishes. The overall longitudinal and lateral development of the shower can contribute to
the radio emission, but mostly, it is from the region of the shower maximum close to the
shower axis. The radio technique is advantageous because, unlike particle detectors, it
does not depend on air-shower particles making it to the detector at the ground. This

is especially relevant for highly inclined showers. Coherent radio emission produced
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Figure 2.12: Signal distribution as a function of distance from shower axis for a 63
PeV simulated air shower in IceTop. Circular points represent coincident (HLC) hits
in both tanks of an IceTop station, square points represent signal from single tank hits
in IceTop stations and triangular points represent silent detectors at a xed level (0.2
VEM). The red (blue) dashed line represents muonic (electromagnetic) LDF t with
the total represented by the solid line. The color bar represents the muonic fraction
contributing to the signal. Plot taken from Ref. [56]

during shower development can reach radio antennas further away from particle foot-
print and allow for cost-e ective instrumentation of very large detector areas. Also,
radio detection from air-shower is meanwhile understood and is easy to analyze. In
addition, this technique is less a ected by uncertainties in hadronic interaction models
because radio emission is mainly produced by the electromagnetic component of the
air shower. The radio technique for cosmic rays can be used year-round except for
occasions of some atmospheric electrical events like thunderstorms.

The main emission mechanisms are geomagnetic emission and Askaryan (charge-

excess) emission.

" Geomagnetic emission: The electromagnetic component of an air shower contains
charged electrons and positrons which are de ected in the Earth's geomagnetic
eld due to Lorentz's force, F = (v B), where v is the particle velocity and
B is the magnetic eld. This produces coherent radio emission linearly polarized
in the direction of the force, i.e., perpendicular to the shower axis. This is the
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Figure 2.13: Radio emission mechanisms from a cosmic-ray air shower.

dominant emission mechanism except for air showers that align very close to the
direction of the Earth's magnetic eld [59]. For very inclined air showers, when
the emission region is at a higher altitude, the emission can lose coherence and
behave synchrotron-like, resulting in clover-leaf emission [60, 53].

Askaryan (charge-excess) emission: Mainly due to Compton scattered electrons
from air molecules and annihilation of positrons, there is an excess negative
charge in the shower front of an air shower. This time-varying excess negative
charge building up in the shower front leads to Askaryan radio emission which

is coherent and radially symmetric about the shower axis [61]. This emission

can be a combination of Cherenkov-like and bremsstrahlung-like emissions [60].
Askaryan emission is typically weaker than geomagnetic emission, except for air
showers aligned very close to the Earth's geomagnetic eld.

Figure 2.13 shows a conceptual diagram illustrating radio emission from a cosmic-ray

air shower.

Figure 2.14 shows that the geomagnetic emission and Askaryan emission have

di erent o sets to the shower maximum of an air shower, and Askaryan emission peaks

earlier than the geomagnetic emission [62].

At a microscopic level, radio emission from charged particles of cosmic-ray air

showers can be understood from the rst principle using Maxwell's equations of elec-

tromagnetism. Lenard-Wiechert potentials for a point chargeq at a retarded time
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Figure 2.14: Longitudinal pro le of geomagnetic and Askaryan radiation energy release
from an air shower initiated by 0.5 EeV proton primary with an inclination of 50 in
comparison to the energy deposit of the electromagnetic component of the air shower.
The Askaryan emission is scaled by a factor of 10. Plot is taken from [62].

t nR=ccan be written as:
n # n #
q q

C0= T e YT e

1 n~ AR (2.16)

ret

where™ = v/c is the velocity of the particle, R is the distance from the charged particle
to the observer with the direction given byr"and n is the refractive index of the medium

[63, 64]. The electric eld due to the charged particlg can then be written as:
" # " #
f n~ +9r‘[(f‘ nY) =
c

E(x;t) =
(1= 4 2(1 n~ MSR? et @ nT™ MR

(2.17)

ret

where =1/ P 1  2[63]. The second term in Eq. (2.17) is the far- eld term relevant
for radiation from accelerated charges, and the rst near- eld term will be just a minor
correction.

Multiple formalisms have been developed to calculate radio emission from air

showers. They are the ZHS formalism [65, 66], that calculates radiation from particle
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tracks and the end-point formalism [64], that calculates radiation from instantaneous
acceleration at the end-points of particle tracks. For the simulation used in this disser-
tation, air showers are simulated using a Monte Carlo air shower simulation code called
CORSIKA [45]. Radio emission from the simulated air is calculated using COREAS [67],
which implements the end-point formalism except for the case of an observer near the
Cherenkov cone where ZHS formalism is used.
In the end-point formalism, the particle is accelerated from rest at the starting

point and is decelerated to rest at the ending point. The time-averaged electric eld

over the time duration t is given by:
[

ER N e

= 0= e (1 n~:MHR

(2.18)

where is the velocity after the instantaneous acceleration of the charge. The radio
emission from each particle track is a superposition of radiation from two end-points,
and the radio emission measured at the observation location on the ground is the
superposition of radio emission from all such particle tracks.

The IceCube Neutrino Observatory at the South Pole has a surface detector called
IceTop which measures cosmic-ray air showers. Radio antennas are part of the plan
to enhance the surface detector enabling the hybrid detection of the air shower by
measuring both the air shower particles directly and the radio emission from the air
shower. The radio technique particularly improves the detection of inclined air showers
in addition to improving the measurement of mass sensitive %« of an air shower.
This inspired the investigation of a new method of Xax reconstruction based on radio
polarization and a new IceTop trigger e cient for inclined air showers. The next
chapter, Chapter 3, introduces the IceCube detector, the planned surface enhancement,

and its next generation, the IceCube-Gen2.
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Chapter 3
ICECUBE NEUTRINO OBSERVATORY

The IceCube Neutrino Observatory is located at the geographic South Pole.
The detector has an in-ice component (hereafter Inlce) built by instrumenting a cubic-
kilometer volume of glacial ice at the South Pole about 1.5 km below the surface [3].
It can detect energetic muons and neutrinos penetrating deep in the ice. The surface
component, called IceTop, is a square-kilometer array of ice-Cherenkov tanks situated
above the Inlce detector. In Fig. 3.1, both Inlce and IceTop components can be seen.
IceTop, in addition to being a tool to tag cosmic-ray related background to the astro-
physical neutrino signal in the Inlce detector, is a unique cosmic-ray detector on its
own merit. Energetic muons from air showers can also reach the Inice detector, and
the combination with surface measurements helps better understand the air showers.
IceTop can measure cosmic rays with energies from 250 TeV up tdl EeV [1, 2]. This
includes the region where the changeover from galactic to extragalactic cosmic rays is
believed to occur. This is essential to understand the most energetic sources of cosmic
rays within our galaxy.

IceTop consists of 81 stations with two tanks each, buried under the antarctic
snow at an altitude of 2835 m above sea level. Stations are generally spread on
a hexagonal grid with 125 m spacing, and tanks in each station are right next
to each other at a distance of 10 m [3] except for a denser in Il array towards the
center. The tanks are made up of polyethylene with a re ective lining of zirconium
or Tyvek. Figure 3.2 illustrates the cross-section of an IceTop tank. Digital optical
modules (DOMs) partially submerged in the frozen ice inside the tanks act as the
detection unit for IceTop. Each DOM consists of a 10" photomultiplier tube (PMT)

and digitizing electronics enclosed inside a 33 cm spherical glass enclosure as shown in
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Figure 3.1: IceCube detector. Plot taken from [68].

Figure 3.2: IceTop tank. Picture taken from [3]
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