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SUMMARY

In this thesis, we present prospects of indirect detection of dark matter with the proposed
Iron Calorimeter (ICAL) detector at upcoming India-based Neutrino (INO) facility. Firstly, we
study the prospects of searching for neutrinos at ICAL due to WIMP annihilation in the centre of
the sun [1]. We perform ICAL dedicated detector simulations on Geant4.9.4.p02 [2] framework
to obtain the detector efficiencies and resolutions in order to simulate muon events in ICAL due
to neutrinos coming from annihilation of WIMP in the mass range m, = (3 — 100) GeV. The
atmospheric neutrinos pose a major background for these indirect detection studies. Fortunately,
using the fact that the signal comes only from the direction of the sun whereas the atmospheric
background has dependence in zenith and azimuthal directions, the background can be suppressed
considerably. For a given WIMP mass, we find the opening angle 6y such that 90 % of the signal
events are contained within this angle and use this cone-cut criteria to reduce the atmospheric neu-
trino background. Thereafter, the reduced background is weighted by the solar exposure function
at INO to obtain the final background spectrum for a given WIMP mass. We perform a x? analysis
and present expected exclusion regions in the ogp —m, and og; — m,, where ogp and o are the
WIMP-nucleon Spin-Dependent (SD) and Spin-Independent (SI) scattering cross-section, respec-
tively. For a 50 x 10 kt-years of exposure and m, = 25 GeV, the expected 90 % C.L. exclusion
limit is found to be ogp < 6.87 x 107! cm? and 057 < 7.75 % 10743 cm? for the 777~ annihilation
channel and ogp < 1.14 x 1072 cm? and og; < 1.30 x 10~*' cm? for the b b channel, assuming

100 % branching ratio for each of the WIMP annihilation channel.

Thereafter, we look for WIMP annihilation in the centre of the earth [3]. For a given m,, and
annihilation channel, we define Ay to be the half angle of the cone that contains 90% of the signal
muons, the axis of the cone being in the direction of the earth’s centre. We accept muons events

due to signal and background neutrinos within this cone. The atmospheric neutrinos coming from

1



the direction of earth core presents an irreducible background. We consider 50kt x 10 years of
ICAL running and WIMP masses between 10-100 GeV and present 90 % C.L. exclusion sensitiv-
ity limits on og; which is the WIMP-nucleon Spin Independent (SI) interaction cross-section. The
expected sensitivity limits calculated for ICAL for the WIMP annihilation in the earth are more
stringent than the limits obtained by any other indirect detection experiment. The SI capture of
WIMP in the earth interior is significantly enhanced if m, is close to that of one of the nuclear
species in the earth. For a WIMP mass of 52.14 GeV, where the signal fluxes are significantly
enhanced due to resonance capture of WIMP due to Fe nuclei which has the largest abundance in
the earth, the expected 90% sensitivity limits, assuming 100% branching ratio for each channel,

are: og; = 1.02x 107 e¢m? for the 77~ channel and og; = 5.36 x 10~** ¢m? for the b b channel.

Subsequently, we study prospects of detecting events at ICAL due to WIMP annihilation in
the GC region [4]. The neutrino flux from DM annihilation in the GC is proportional to velocity
averaged annihilation cross-section (o 4v) and the line-of-sight integral over the DM density profile
Jy factor [5] which is a function of the angular separation () of reconstructed muon track at [CAL
with the GC. We exploit the difference in directional dependence of the signal and background neu-
trinos to suppress the background. We accept muon events in a cone of half angle W, the axis of the
cone being in the direction of GC. We consider WIMP masses between (5-100) GeV and several
annihilation channels. The expected 90 % C.L. sensitivity limits for a 30 GeV WIMP, assuming
NFW [6] DM profile, neutrino spectra from [7] and assuming 100% branching ratio for each chan-
nel are: (o,v) < 1.19 x 10722 em3s™! for the ™ pu~ channel and (o4v) < 6.35 x 107 2cm3s™!

for the v v channel.

Finally, we look at the impact of Non Standard Interactions (NSI) on the signal at the ICAL
detector [8]. The mass hierarchy sensitivity is shown to be rather sensitive to the NSI parameters
€c, and €., while the dependence on €, and €., is seen to be very mild, once the x? is marginalised

over oscillation and NSI parameters.
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Chapter 1

Introduction

The major composition of our universe still evades our comprehension. Based on evidence from
various astrophysical and cosmological observations, a standard cosmological model has emerged
wherein the ordinary matter constitutes only about 5% of the universe and the nature of the remain-
ing 95% remains ‘dark’ or unknown to us. Around 68% of the global energy budget is in form of
dark energy, which has been hypothesised to explain the current acceleration of the expanding
universe, and other than that, its nature is completely unknown to us. The remaining ~ 27% is in
form of dark matter (DM) which is a non-baryonic, non-luminous, non-relativistic and yet-to-be
discovered form of matter and constituting about 85% of the matter content of the universe. While
the gravitational evidence for dark matter’s existence is overwhelming, the particle nature of DM
remains a mystery. Unravelling the nature of DM is one of the most fundamental and challenging

goal of the contemporary particle physics and astrophysics.

The Standard Model (SM) of particle physics does not explain the origin of DM or its prop-
erties and the existence of dark energy in the universe. It also fails to convincingly explain data
from neutrino oscillation experiments and other fundamental physical phenomena in nature [34].
Although there has been no signal of physics beyond the Standard Model in any of the accelerator-
based experiments including LHC, we have unambiguous evidence from complementary experi-

ments that the SM of elementary particles is at best a low-energy effective theory and that calls for
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theories beyond the SM. Although little is known about DM as a particle, any candidate for (most
of) the DM must be consistent with the constraints from observations. The relic abundance of the
candidate particle should account for the observed cold dark matter (CDM) abundance, it should be
non-relativistic to form structures in the early universe, and among others, must be cosmologically
stable implying that its lifetime is larger than the age of the universe. Among the various particles
that have been put forth as candidates for DM, Weakly Interacting Massive Particles (WIMPs) are
of particular interest and have been widely considered theoretically which has motivated enormous
experimental endeavours to detect them. WIMPs naturally arise in several extensions of the SM,
such as the minimal supersymmeteric standard model (MSSM). Among others, perhaps the well
motivated and theoretically well developed candidate is the lightest supersymmetric particle (LSP).
The new weak scale physics beyond SM embodies an entire class of theories and hence within the
context of supersymmetry (SUSY), exact identity of WIMP is not certain. In most SUSY theories,
LSP could be the neutralino which is a linear combination of supersymmetric partners of photons,
Z and Higgs bosons. In the SUSY theories where R-parity is conserved, LSP has to be stable and
electrically neutral and interact only weakly with the SM particles, which are the exact character-
istics expected of a dark matter candidate [35]. Then there are modern theories of extra dimension,
such as universal extra-dimensions (UED) which put forth lightest Kaluza Klein particle (LKP) as

viable WIMP candidates.

For WIMP to be the dark matter particle, it should have small but finite coupling to ordinary
matter. This arises from the requirement for WIMPs to have present cosmological density of order
unity, or otherwise WIMPs would not have annihilated in the early universe and its present abun-
dance would not conform to the observational value. Therefore, we expect a small, but non-zero,
coupling to nuclei (through the coupling to quarks) and it results in a small detection rates. The
cross-section for WIMP nucleon elastic scattering is very crucial when it comes to detection of
WIMPs. For it is this cross section that determines the detection rate at direct detection exper-

iments as well as accounts for the accretion of galactic halo WIMPs in the celestial bodies like
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the sun and the earth which, as we will see later in this thesis, is important for indirect searches.
WIMPs could have weak scale masses ranging from a few GeVs to several TeV [35] implying a

similar energy scale for the prompt observable products of annihilation and decay.

An extension of the SM could include addition to its gauge or particle sector, or both. It is
therefore pertinent to envisage that such an extended theory' would also have new (effective) in-
teractions between the particles, beyond what is included in the Standard Model. Such interactions
are expected to change the predicted outcome of experiments and existing data can be used to put
limits on the strength of these interactions. Therefore, NSI can, in principle, affect the sensitivity

to direct and indirect detection of dark matter.

There has been a worldwide endeavour for detecting WIMPs and the hunt is still on, em-
ploying many direct, indirect and collider searches. Unfortunately, there is no conclusive WIMP
detection signature so far. DAMA/LIBRA collaboration [37,38], has reported a long standing an-
nual modulation at its detector, which can be interpreted as due to the modification in the relative
velocity of the galactic WIMPs with respect to the earth due to latter’s revolution around the sun.
DAMA uses Nal(Tl) crystals for measuring scattering of WIMPs and the detected signal corre-
sponds to a WIMP mass of ~ 10 GeV, if the scattering from Na ions is considered®. The combined
significance of DAMA phase 1 and phase 2 [40] data sets, corresponding to 2.46 ton X exposure,
stands at 12.9 o C.L. [39]. CRESST [41] collaboration has reported an excess over expected back-
ground which point to WIMP masses 10-60 GeV region with a WIMP nucleon scattering cross
section of order 10743 — 107%%cm?. CoGENT [42] has reported event excess and also seen an
annual modulation, similar to DAMA experiment, and at 2.8 o C.L.. The results are in cacophony

for the DAMA?, CoOGENT and CRESST results are difficult to be explained in terms of simplest

'For discussion on NSIs at one loop in the R-parity conserving MSSM with generic lepton flavour violation sources
in the soft sector, please see Ref. [36]

2Scattering from iodine atom would correspond to WIMP mass of around 80 GeV but has been, however, ruled out
by null result from KIMS [39] which uses CsI(TI) crystals.

SDAMA data is not available publicly and hence is a matter of much debate and experimental scrutiny.
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dark matter models [43,44] and the parameter space favoured by them in the WIMP mass-WIMP
nucleon scattering cross section plane seems to be inconsistent. These positive signals are also in
severe conflict with the null results from other experiments such as LUX [24], XENON-1T [25]
and PANDA [28] which have put the most stringent limits on WIMP nucleon spin independent
cross cross section constraining to below 10~*5cm? for the light dark matter i.e., WIMP masses
below 100 GeV. Therefore, it is worth considering to explore the WIMP nucleon cross-section
for the lighter WIMPs, especially through complementary techniques such as indirect detection or

searches at collider.

WIMPs could be produced as a result of proton—proton collisions at the Large Hadron Col-
lider (LHC), and in association with one or more QCD (Quantum Chromodynamics) jets, photons
as well as other detectable SM debris. However, the dark matter thus produced would escape the
detector because of its very weak interaction cross section. Thus, these experiments are looking for
missing transverse energy (Fr) signals which could be a signature of dark matter. In the dark mat-
ter production searches, usually one looks for SUSY particles wherein unstable and heavy SUSY
particles can further decay to dark matter candidates. Thus searches at the collider involve looking
for £ and specific SM particles predicted final states. Such a signature has not been found yet and
the results obtained from collider searches are so far consistent with the SM expectations leading
to very strong limits from the ATLAS [19], CMS [45] and LHCDb [46] experiments at the LHC.
Sub-GeV DM candidates are also constrained by the MiniBooNE experiment at Fermilab [47].
Endeavours to detect dark matter in the sub-GeV mass range has also been actively pursued at
fixed target experiments and with high intensity, low-energy colliders. Specifically, search for
dark photons decaying into light dark matter at e™ e~ colliders such as BaBar has been done (see
Chapter 16 of Ref. [48]). It should be noted, however, that the limits from the colliders are highly
model dependent and hence the interpretation of these limits should be done carefully taking into
consideration the underlying mechanisms that couple DM to the SM particles. We will discuss this

further in Chapter 2.
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Indirect searches often complement the direct detection and collider-based searches and look
for the annihilation and decay products of the WIMPs in the region of high DM accumulations such
as centre of the sun, earth and galaxy. The annihilation or decay of WIMP into standard model par-
ticle antiparticle pairs which could, among other products, finally give rise to neutrino-antineutrino
fluxes. Neutrino detectors/ telescopes have been extensively searching for such signals. The atmo-
spheric neutrinos pose a severe background to such indirect searches and has to be suppressed using
a suitable suppression scheme. Since no excess has been found over the expected background, the
neutrino experiments like SK [49], ANATRES [23] and IceCube [22,50] have put upper exclusion
limits on the WIMP-nucleon cross section. In particular, very strong limit for light WIMPs (below

100 GeV) comes from SK for spin-dependent WIMP nucleon cross sections*.

Neutrino experiments have also looked for possible presence of NSI in their event sample and
have found the data to be completely consistent with the SM. Through a statistical analysis, the
SK collaboration converts this into an upper bound on the relevant NSI parameters [51]. Strong
constraints on the NSI parameters come from IceCube/DeepCore data [52]. Expected constraints
from other (future) atmospheric neutrino experiments have been studied previously in the litera-

ture, see e.g. Refs. [53-58] (see Ref. [59-64] for earlier works).

There is a proposal to build India-based Neutrino Observatory (INO) which will be an un-
derground neutrino observatory in the southern part of India in the state of Tamil Nadu. It will
house a 50 kt magnetised iron detector. The main physics goals of the ICAL detector are to ob-
serve neutrino oscillations and do precision measurements of the neutrino oscillation parameters.
In particular, it aims to study the effect of matter on propagation of neutrinos through the earth and
use to determine neutrino mass hierarchy i.e., the sign of Am3,. The difference in probabilities of

v and v depends on the sign of Am32, and 6;3. ICAL with its capability of charge identification

“The limits on spin dependent WIMP nucleon cross sections from direct detection experiments, in general, are
weaker than those from the indirect detection experiments for all ranges of WIMP masses with the exception of the
limit obtained by PICO-60 [17]
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can distinguish between p* and 1~ and hence is greatly suited to study of neutrino mass hierarchy.
Besides MH, ICAL can be used to probe signatures of sterile neutrinos, probe CPT violation using
atmospheric neutrinos and look for the non-standard interactions of neutrinos. It can also be used
to study the high energy cosmic rays. The main physics goal of this detector would be to use atmo-
spheric neutrino events to determine the neutrino mass hierarchy [65—67] and atmospheric neutrino
parameters [68—71] with good precision. However, it has been shown that one could use this de-
tector to obtain competitive sensitivity to new physics scenarios such as sterile neutrinos [72], CPT
violation in neutrinos [73], non-standard neutrino interactions [8], and magnetic monopoles [74]
and decaying dark matter [75], among others. We attempt to use the upcoming ICAL detector at
proposed INO facility to probe signatures of WIMP annihilation. We simulate prospective ICAL
data and estimate expected sensitivity of the ICAL detector to such indirect searches. Specifically,
in this thesis prospects of WIMP annihilation searches in the sun, earth and the galactic centre will

be presented.

Besides indirect detection of dark matter, ICAL’s sensitivity to explore new physics such as
non-standard interactions will also be discussed. NSI, if present in nature, would not only affect
the production mechanism of neutrinos at the source but would also modify the transport of at-
mospheric neutrinos inside the solar and earth matter, and hence alter the signal at ICAL. In this
thesis, however, we are primarily interested in non-standard interactions (NSI) affecting neutrino
oscillations as neutrinos propagate inside earth matter. NSI can have an impact on dark matter
searches in multi-ton direct detection experiments [76] and as well can affect sensitivity of indirect
seaches [77]. In this thesis, however, we do not consider impact of NSI on indirect detection of

dark matter at INO. We defer such analysis to future projects.

This thesis is organised as follows. In Chapter 2, which is an introductory chapter on dark
matter, we will discuss the evidence for the existence of dark matter, various particles proposed

as DM candidates and why WIMP has been so widely considered as one of the most compelling
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candidate. Thereafter, we will look at WIMP detection techniques of the dark matter and elaborate
on the indirect searches with neutrinos as a probe which constitutes the central part of this thesis.
In Chapter 3, we will focus on the neutrino fluxes arising at ICAL due to WIMP annihilation in
the sun, earth and galactic centre (GC). The annihilation rates in the celestial bodies like the sun
and earth are related to the capture rate of WIMPs for that body and it will be discussed in detail.
The annihilation rates and the corresponding neutrino fluxes from GC depends on the distribution
of WIMPs in the core region. A few benchmark DM profile will be taken up and corresponding
neutrino fluxes will be compared. As mentioned earlier, ICAL will primarily study atmospheric
neutrinos, which are, however, a serious background to the indirect searches. In Chapter 4, we
discuss the production of atmospheric neutrinos, their spectral features and dependence of polar
and horizontal coordinates. Previously, ICAL collaboration made use of atmospheric fluxes at
Kamioka for doing simulations and physics analysis. However, recently fluxes at Theni have
been calculated [21] and made available to us. Therefore, for the background estimation (for the
indirect detection projects) Theni fluxes have been used. This is for the first time that Theni fluxes
have been used in conjunction with GENIE event generator. A comparison of fluxes at Kamioka
and Theni have been done in one of the sections. Finally, we briefly indicate how atmospheric
neutrinos act as a background to the indirect detection work. After having described the signal and
the background fluxes, we will describe the ICAL detector and its features in detail in Chapter 5.
Detector geometry will be discussed with special focus on resistive plate chambers (RPCs) which
are the active detection units of ICAL. Much of the chapter is devoted to ICAL response to muons
for the energy range upto 100 GeV and it is an extension of the previous work [78]. For the work
presented in this thesis, the muon response has been obtained through dedicated Geant4 simulation
and this has enabled us to carry out the simulation and physics analysis in the muon range upto 100
GeV, which has not been done previously by the ICAL collaboration. At the end of the chapter,
the simulation and analysis framework has been shown in the form of a flowchart. After having set
up the simulation framework, we take up the issue of background suppression, statistical analysis

and expected sensitivity to the WIMP annihilation in the sun, the earth and GC in the following
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chapters. The WIMP masses considered will be up to 100 GeV and several annihilation channels.
In an attempt to be as generic ° as possible, the analysis with will be presented for 100 % branching
ratio for each of the channels. In Chapter 6, searches in the sun has been discussed in detail and the
calculated expected sensitivity for ICAL is compared with the existing limits from latest neutrino
and direct detection experiments. In Chapter 7, the searches in the earth have been discussed
and the corresponding reach of ICAL in comparison with the current limits from experiments
discussed. In Chapter 8, we extend our search for WIMP annihilation to the galactic centre and
derive expected sensitivity limits. A comparison of sensitivity studies dependent on profile and
different annihilation channel will also be presented. All the interactions considered in the indirect
detection work are for standard neutrino interactions. In Chapter 9, we will present a study of
prospects of detecting signatures of non-standard interaction with ICAL and in case detected how
well ICAL can discover or constrain NSI parameters. This study will be discussed in the context
of only atmospheric neutrinos only. Finally, in Chapter 10, we conclude the findings in this thesis

with a brief outlook.

>The signal strength in case of indirect detection depends on the model of DM considered which dictates the
branching ratio of annihilation channels. Therefore, indirect detection experiments customarily quote results in terms
of 100% branching ratio for each annihilation channel. These limits can be easily scaled within the framework of a
specific model.
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Chapter 2

Dark Matter

There is mounting evidence that the ordinary baryonic matter constitutes only ~5% of the known
universe. The rest comprises some unknown components such as dark energy ~68% and dark
matter ~27% [11]. Dark matter is an elusive substance that seem to be all pervading, exerts many
detectable gravitational influences throughout the universe and yet it eludes direct detection. It is
known as ‘dark’ for it does not have any visible signatures- does not emit or absorb electromagnetic
radiation at any known wavelengths, yet its gravitational interactions dominate on scales from tiny
dwarf galaxies, to large spirals such as our galaxy and to the largest scales known [34,35].

While the evidence for the existence of dark matter via its gravitational interactions is pretty
strong, its particle nature remains largely unknown. The organisation of this chapter is as follows.
In Section 2.1 the evidence for dark matter’s gravitational interactions have been discussed. Section
2.2 is where we enumerate the most widely considered candidates for cold dark matter. This is
followed by Section 2.3 where we discus WIMP in some details for we consider WIMP dark
matter in this thesis. Section 2.4 describes the dark matter interactions and Section 2.5 discusses

dark matter search techniques. Finally, we briefly summarise in Section 2.6 and conclude.

31



120 ++"""+-|--|-|-.|..|+|- TTREUE AP

o+ NGC 6503

100

Disk

+ = Halo

Gas

80

Gas+Halo+Disk

60

V. (km s

ok NGC 6503

40

20

0 5 10 15 20
Radius (kpc)

Figure 2.1: The measured rotational curve for NGC 6503 (data taken from [9, 10]) shown in blue
crosses. Also shown are the combined rotational curve (cyan line) obtained by adding contribution
from different mass components of the galaxy. The galactic rotation curves due to disk (light
orange), dark matter halo (red), gas (green) is also shown. The data points are shown without error
bars.

2.1 Dark matter evidence

The presence of dark matter is known so far only through the observations of gravitational in-
teractions. The evidence is overwhelming and comes from a wide variety of astrophysical and

cosmological observations [10,79]. These observations can be enumerated as follows :

o Earliest evidence from the motion of galaxies The earliest evidence for existence of DM
was postulated by Fritz Zwicky [80] who in an attempt to explain the dynamics of galaxies in
the Coma galaxy cluster concluded that the most of the mass in the cluster must be invisible.
Missing mass of spiral galaxies were reported by Jan Oort and later confirmed by Vera Rubin
(see [81] for a more recent discussion) from the observation of flat galactic rotation curves
which demanded that most of the matter of the galaxy is non-luminous and existed in the

form of dark haloes [79, 82].

¢ Rotational curve of galaxies The observation of the rotational curves of the spiral galaxies

1.e. the rotation speed in regard to the radial distance of the object, give us an indirect
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evidence of missing matter in the form of ‘dark matter’. This observation implies that that the
mass of galaxy increases significantly with the distance r to its centre. From the Newtonian

dynamics we know that

2
mv® mM(Qr)G’ 2.1
r r

where M (r) is the mass contained within the radius ~ and G is the gravitational constant.
For galaxies like ours, the luminous matter is concentrated in the core where we expect
M(r) o r* and hence v oc r. For the region outside the hub, we expect M (r) = constant
and hence v oc 7~ /2. Therefore, we expect the galactic rotation to decrease for high  values.
Instead, we see that the velocities remain constant. This can be explained by invoking the
presence of dark matter reaching beyond galactic disks. Fig. 2.1 shows the circular velocity
V. of the galaxy NGC 6503 as a function of radial distance r from the galactic centre [10].
The baryonic matter comprising the disk and the gas are not enough to explain the galactic
rotation curve. However, adding the contribution of the dark matter halo fits the data very

well.

Gravitational lensing From Einstein’s theory of general relativity we know that mass bends,
or in other words lenses, light. This effect can be used to look for the existence of mass
even when it has no visible signature. Lensing measurements have strongly confirmed the
existence of dark matter in galaxies and galaxy clusters. There is evidence from weak [83,84]
and strong [85] gravitational lensing data. A beautiful example of this effect can be seen in
Fig. 2.2 which shows lensing of a distant blue galaxy by the gravity of a luminous red galaxy
(LRG), making it to form a horseshoe ring which are called ‘Einstein Rings’. LRG 3-757
was first discovered by Sloan Digital Sky Survey (SDSS), but this image was taken with
Hubble Space Telescope. The evidence provided by lensing of dark matter has an advantage
over the rotational curves for the former technique can probe dark matter signatures to a

much larger distances ~200 kpc from the centre of galaxies.
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Figure 2.2: A Horseshoe Einstein ring from Hubble [Image Credit: ESA/Hubble &NASA]. This
is an example of a gravitational lens mirage. The gravity of a luminous red galaxy (LRG) has
gravitationally distorted the light from a farther blue galaxy.
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Figure 2.3: Planck’s power spectrum [11] of temperature fluctuations in the cosmic microwave
background. The fluctuation are plotted for different angular scales on the sky. The Planck data are
marked by red dots with corresponding error bars whereas the green curve represents the standard
model of cosmology, ACDM. The first peak at 1° is the evidence for a flat geometry of universe,
the height of the second peak indicates that ordinary matter is just 5% of the total and from the
second and third peaks give the DM contribution to be approximately 26%.
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o Bullet cluster Observations of the bullet cluster by the Chandra satellite [86] further rein-
forced the idea of existence of a dark non-baryonic component of matter in the universe.
Bullet cluster was formed out of collision of two smaller galaxies and observations in X-ray,
visible light and lensing data clearly show two different types of matter by observing that
in the process of merging of the two smaller clusters, the dark matter passed through the
collision point whereas the baryonic matter coalesced to a form a single region in the centre

of the bullet cluster.

e Cosmic microwave background The most precise measurement of the dark matter abun-
dance of the universe comes from the measurements of the anisotropies of the cosmic mi-
crowave background spectra (CMB) [87]. The CMB is the remnant radiation of the early
universe and marks the epoch when the photons underwent oscillations that froze in just be-
fore decoupling from the baryonic matter at a redshift z ~ 1100. Through measurements of
the angular scale and height of the peaks (and troughs) of these oscillations, cosmological
parameters such as total energy density of universe ({2), the baryonic energy density (£2;)
and the dark matter density contribution (£2,) can be determined. For a flat universe, the
light travels in a straight line and the angular scale of the first Doppler peak is expected
to be at 1° and the sound horizon of the last scattering surface shows that it is indeed the
case thereby proving that the universe geometry is indeed flat corresponding to an energy
density of ~ 107*gem™3. The height of the second peak implies that 5% of the global
energy budget is ordinary matter, while comparing all peaks we conclude that around 26%
of the global energy budget of universe is dark matter. Fig. 2.3 shows the power spectrum
of the temperature fluctuations in the CMB as measure by Planck satellite [11]. The most
recent analysis of the data from the Planck satellite [11] gives a dark matter abundance of

0.1172 < Qpuh? < 0.1226 at 67 % C.L..

e Primordial nucleosynthesis model At an age of a few hundred seconds, the universe had a
temperature of around 10'° degrees, deuterium became stable : p +n — D + . With the

formation of deuterium, the elements helium and lithium could form as well. After billion
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of years when the stars formed, the synthesis of the heavier elements like C, N and O started
only when the high enough density conditions were available for fusion of three helium
atoms into a single carbon atom. The Big Bang predicts the abundance of 25 % “He, 1075
% deuterium and, 10~7 % "Li by mass which matches exactly with the data, provided the

ordinary matter constitutes only 5% of the total universe.

e Evolution of large cosmic structures The existence of dark matter is crucial for the large
structure formation. The dark matter must be ‘cold’ or non-relativistic as a hot dark matter
particle would be freely streaming and would not form clumps which are essential for initiat-
ing the structure formation process. DM initiates the process, because before recombination
at z ~ 1100, baryons and photons are coupled and are freely streaming through universe. It
is the DM clumps that provides the potential wells for the ordinary matter to get trapped and
form structures. The requirement for non-relativistic cold dark matter rules out neutrinos as

a dark matter candidate.

2.2 Candidates for dark matter

Several candidates for dark matter has been proposed and they have to conform to the various
observations of the gravitational interactions described in the previous section. Dark matter must
be cold for the structure formation requirement. From primordial nucleosynthesis and microwave

background data the nature of the dark matter has to be non-baryonic.

e MACHOs Various observations that indicated the existence of dark matter based on high
M/L values i.e. a discrepancy between gravitationally measured and visible mass, led to
a class of dark matter candidates generally termed as MaCHOs (Massive Compact Halo
Objects). MaCHOs includes a range of objects like brown dwarves, stellar remnants, black
holes and other low luminous objects. However, a combination of theory and observations
have ruled out low mass stars, substellar objects or brown dwarfs and stellar remnants (white

dwarfs) to be the convincing solution to the dark matter problem in the milky way (see
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Ref. [10] and the references therein for further details). However,a few MACHO candidates
could still be viable dark matter candidates: primordial black holes [88], particularly in
light of the LIGO (Laser Interferometer Gravitational-Wave Observatory) [89] observation

of black hole mergers where the black holes are very massive.

Axions One of the popular candidates for cold dark matter (CDM) is the axions. The axions
were proposed to address what is known as “strong CP problem”, as proposed by Peccei
and Quinn [90]. Axion mass ms ~ eV (107/fs) where fa is the axion mass scale as a
theoretical free parameter. The axion strength of coupling to ordinary matter is < f;'. These
are considered suitable CDM candidates if their masses lie in the range mp ~ 1073 — 107¢
eV. Astrophysical considerations places an upper bound on axion mass my < 15 meV,
while a lower bound comes from cosmology. Microwave cavity searches allow for direct
detection of axions such as ADMX (ADark MatterX cavity experiment) [91] which has
provided exclusion limits in the axion mass range and currently looking for axion mass
~ 107" eV. Several other experiments based on novel techniques are carrying out axion

searches.

WIMPs WIMPs comprise a broad category of dark matter candidates. Their couplings to
the SM is via weak interactions, they do not couple to photons directly and are thermally
produced in the early universe with their relic density fixed by their abundance at the time of
freeze-out i.e., when the WIMP interaction rate is sufficiently small that they fall out of the

equilibrium with the other particles. They are discussed further in section 2.3.

Sterile Neutrinos Ordinary neutrinos are too light to provide for the structure formation and
hence were ruled out to be DM candidate. Sterile (or right-handed) neutrinos could be dark
matter candidates and this idea was was first proposed by Dodelson and Widrow [92]. It has
been shown to be a viable as cold or warm dark matter candidate in different scenarios [93].
Sterile neutrino is predominantly composed of heavier neutrino mass eigen states and, in

some scenarios, its decay into a lower mass eigen states is often described as a sterile neutrino
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decaying into an active neutrino. This gives a photon line corresponding to the half of the
sterile neutrino mass, which for the most viable DM candidates is in the KeV-MeV energy

range. Line emission could be used to indirectly detect sterile neutrino dark matter.

Although the cold dark matter paradigm has been successful in explaining the galactic motion
and the structure formation in the galaxies, the modelling and predicting the dark matter haloes
around the galaxies is a challenging task. The framework such as MOND (MOdified Newtonian
Dynamics), tackles this issue by modifying the gravitational effect on matter rather than the matter
content itself. This is achieved by modifying Newtonian dynamics at a vary small accelerations
which are present at galaxy length scales [94]. Although, the MOND theory has been successful in
predicting the galactic rotation curves considering the baryonic mass distribution, it fails to explain
the observations from global clusters or the bullet cluster. Apart from these, several candidates like
asymmetric dark matter, non-thermal WIMPzillas, Q-balls, and many others have been proposed.
In the next section, we discuss WIMP in detail which is the candidate under consideration in this

thesis.

2.3 Weakly Interacting Massive Particles

Weakly Interacting Massive Particle (WIMP) is one of the most widely studied candidate for cold
dark matter. WIMP refers to a class of neutral stable particles which are predicted to have masses
ranging from a few GeVs to tens of TeV [35] and their interactions with standard matter, apart
from gravitational interactions, are weak in nature. The main reason behind WIMP’s popularity is
that these appear in several extensions of the SM in an attempt to solve unrelated problems. As
mentioned in Chapter 1, the most popular candidates for WIMP are the neutralino, that arise in
minimal supersymmetric standard model (MSSM) and the lightest Kaluza-Klein particle (LKP)
which are predicted in theories of universal extra dimension [95, 96].

DM particles have to be sufficiently massive to solve the problems brought on by a baryons-

only universe. Also, they should be long-lived or decay with a decay lifetimes of more than the
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Figure 2.4: Comoving number density evolution as a function of the ratio = in the context of the
thermal freeze-out. The value of the annihilation cross section determines the DM abundance since
Qh? o< 1/{oav).

age of the universe and WIMP seem to fit these criteria. Supposing that there is such a yet-to-be

discovered particle x', in thermal equilibrium we can write its the number density n, as [35]

nc? = (Qi E / F(p)d®p, 2.2)

where ¢ is the number of internal degrees of freedom of the particle and f(p) is the Fermi-Dirac
or Bose-Einstein distribution depending on whether WIMP is fermion or a boson. At high temper-
atures i.e., T' > m,, where m, is WIMP mass, x are in abundance such that n, o T3. At this
temperature, they are rapidly undergoing the following conversion process: xx — [l, where [ are
particle-antiparticle pairs. These could be quark-antiquark pairs, lepton-antilepton pairs or even
gauge-and/or Higgs-boson pairs for kinematically allowed WIMP masses. For T' < m,, there is
an exponential drop in their number density such that n<? ~ g(m,T'/2m)?/ 2¢="7. Soon after T

drops below m,, the rate of WIMP annihilation I" drops below the expansion rate of the universe

At many places in this thesis, WIMP has been indicated by notation . This notation includes all the class of
WIMP and not just neutralino.
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and we have I = (oav)n,, where (o50) is the velocity averaged WIMP annihilation cross section’
and for a colder universe (I' < m, ), I' < H, where H is the Hubble expansion rate related to the
scale factor of the universe by relation H = %%. At this point, WIMPs “freeze out” i.e., fall out

of the equilibrium and their relic cosmological abundance is set constant.

The time evolution of n, is described by the Boltzmann equation [97]

% +3ny H = —(oav) (n2 — (n)?). 2.3)

The total comoving number density of WIMP is denoted as Y and is related to n, as follow
(2.4)

where 7, is the entropy density of the universe. The Boltzmann equation describing the time
evolution of Y can now be written as [97, 98]

dY 1 T My/Gx .

= ma (oA (= ), 235)
where x = m, /T, G is the Newton’s gravitational constant and g, is a function of effective degrees
of freedom and has a dependence on both energy and entropy densities of the universe [97]. Y
is the equilibrium value of the comoving energy density. Solving Eq. 2.5, we can get the value

of total number density Y at the present temperature (7, ~ 1072 GeV) which can be used to

compute the total relic abundance of WIMP (), and is given by the following equation [99]

Qh2 = 2.755 x 103 = ) y/(T, 2.6
where h is the Hubble constant in units of 100 km s~*Mpc . Fig 2.4 shows the numerical solution

to the Boltzmann equation. The equilibrium abundance per comoving volume as a function of

x = m, /T (which increases with the increase in time) is shown by a thick black line. The coloured

%In indirect detection literature, the quantity (o4 v) is often referred to as simply the annihilation cross-section.

40



lines are for actual abundance for varying values of (o5v). 0, h? o 1/(cav) i.e., as the annihilation
cross section increase the WIMPs stay in equilibrium longer, resulting in a smaller relic abundance.

We can re-write Eq. 2.6 in the form

3 x 107 %"cm3s!
~Y

Q. h?
X (oav)

2.7)

From the measured dark matter abundance, Eq. 2.8 implies that if WIMPs indeed constitute all of
dark matter, then it should have a total pair annihilation cross-section of (oAv) ~ 3x 10~ *"cm3s™!.
This value is often used as a benchmark and is referred to as the thermal relic cross-section® For a
massive particle interacting via weak force, this cross section value is a suitable choice and hence
the term WIMP is applicable to this category of thermal relic dark matter candidate. Nevertheless,
it should be mentioned that in some scenarios the annihilation cross section value required to

produce the observe relic density can vary significantly from the canonical thermal relic value [34].

2.4 Interaction between WIMP and nucleon

There could be several effective interactions between WIMPs and SM nucleons. Considering
WIMPs to be Majorana neutralinos and their interactions under non-relativistic conditions, their

effective interactions could be either spin-dependent (SD) or spin-independent (SI) [35].

2.4.1 Spin dependent (axial-vector) interaction

In SD interactions WIMP couple to the spin of the target nucleus. The WIMP-nucleon SD scatter-

ing cross-section (ogp) can be written as :

J+1
(apSpv) + anSuiw)* =5 (28)

G

osp = 32

3 Also see Ref. [100] for more precise calculations.
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where G is the Fermi constant, ;1 = m,my/(m, + my) is the reduced mass with m, being
the WIMP mass and my being the mass of the target, a, and a,, are the coupling constants for
proton and neutron, respectively, and S,y and S;,(x) are the spin of the proton and neutron in the
nucleus N. J is the coupled angular momentum of the nucleus. From Eq. 2.8, we can see that the
SD interaction is effective when WIMPs interact with a nucleus having large number of unpaired

protons and neutrons.

2.4.2 Spin-independent (scalar) interactions

In the SI scattering the WIMP coherently scatter on the target nuclei. The WIMP nucleon SI

scattering cross section (ogy) can be written as :

2

W zp, (A ) (2.9)

Os1 = ——
T

where f, and f,, are the coupling constants for the proton and the neutron respectively. A and Z

are the mass number and the atomic number of the target, respectively. From Eq. 2.9, we can see

that ogy is proportional to square of the mass number of the target nucleus i.e., oc A2. Therefore,

this interaction becomes dominant for the case of WIMP interacting with heavier nuclei.

2.5 Detection of dark matter

The particle dark matter hypothesis can be tested via three processes: the production at particle
accelerators, directly via scattering on target nuclei, or indirectly by searching for DM’s annihila-
tion and decay products. The three main strategies as shown in Fig. 2.5. In the coming following

subsections, we briefly summarise each technique.
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Figure 2.5: An interaction diagram of standard model particle ¢ and dark matter y. The three
categories of dark matter detection viz., direct, indirect and collider searches are shown.
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Figure 2.6: Schematic of possible signals that can be measured in direct detection experiments
depending on the technology in use. The detectors marked in black are sensitive to either charge,
light or phonon/heat signals. For better particle discrimination, many detectors combine these
techniques to be sensitive to more than one kind of signal. These are shown in magenta color. Here
TPC stands for Time Projection Chamber. The recoil image (at the centre of the figure) has been
taken from https://indico.fnal.gov/event/6661/session/2/contribution/22/material/slides/0.pdf.
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2.5.1 Direct searches

WIMP in the local galactic halo could scatter on nuclei and cause it to recoil. The direct detection
experiments aim to measure this recoil energy of the target nuclei. The WIMP-nuclei differential

scattering rate can be written as,

Vesc

dR(E,t)  Nrpy do(v,E) 4
dE = My / UfE(U,t)Td v, (210)

Umin

where E' is the recoil energy associated with the scattering events, my is the mass and Ny is

the number of the target nuclei (per kg) of the detector, m, is the WIMP mass, p, is the local

DM density, v is the velocity of the DM particle relative to the earth, fr(v,t) is the velocity

distribution of WIMP in the frame of the earth. v,,;, is the minimum velocity required by a WIMP

to produce a detectable event at energy E and is given by v, = /mnyE/(242), where p =

mym,/(my + m,) is the DM-nucleus reduced mass. The WIMP-nucleus differential cross-
do(v,E)

section — =~ for WIMP-nucleus scattering is

d ’U,E m
a(dE ) - ngjig (O'SIFQ((]) —|—0'SDS((])), (211)

where ¢ is the momentum transfer, osp and og; are WIMP-nucleon interaction cross section and
are given by Eq. 2.8 and Eq. 2.9, respectively. F'(¢q) and S(q) are the SI and SD form factors as
described in Refs. [35,101-103].

The recoil energy of the target can be measured in the recoil energy ranges from a few keV
to hundreds of keV and depends on m, and the mass of the target nuclei. Since WIMP induced
events are very rare due to the low WIMP nucleon scattering cross section, direct detection exper-
iments are background limited. After measuring the scattering rate, the background is separated
by using the detector response to electron and nuclear scattering. WIMPs being very weakly in-
teracting are expected to produce single scattered events unlike the dominant background neutrons

that could produce multiple scattering. The actual technique used to discriminate signal from
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background depends on a particular experiment. For example, in Germanium detectors ionization
yield is used to discriminate signal from background, whereas in experiments that use Xenon, the
ionization/scintillation ratio is the discriminating variable.

The sensitivity to WIMP detection for a particular experiment is a cumulative consequence

of the following factors [104]:

e Energy threshold drives an experiment’s sensitivity to low WIMP masses, and consequently
the sharpening of the direct detection limits on the WIMP nucleon scattering cross-section

at low masses.

e Background control and exposure determine the overall sensitivity of the experiment and
pushes the limits to lower scattering cross-sections assuming that they are statistically dom-
inated. In general, an experiment’s sensitivity to probe lower WIMP nucleon scattering
cross-section increases with the better background discrimination and increasing the expo-

sure.

e Target material decides an experiment’s sensitivity to detect low and heavy WIMP masses.
The target nucleus determines where the strongest limit on the scattering cross-section lies
as well as its sensitivity to lower and larger WIMP masses. The choice of target nuclei also
determines which scattering process dominates i.e. spin dependent or spin independent. The
experimental sensitivity appears to be very different between SI and SD interactions. In case
of SI interactions, SI WIMP-nucleus cross-section is a result of coherent sum of the contri-
butions from the interactions of the WIMP with the single nucleons. Therefore, targets like
Xe, with atomic number of the order 100 result in an enhanced sensitivity to SI interactions.
However, for the case of SD interactions, the contribution to the different nucleons tend to
interfere destructively, so that SD WIMP nucleon cross section is appreciable only for targets

with an unpaired nucleon,

The main source of background for direct DM searches are mostly due to the radioactivity of

the materials of and around the detector and cosmic rays muons and products of their interactions.
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DM detectors need to be installed underground so as to cut down the cosmic ray fluxes and various
other sources of radioactivity. Therefore, several layers of further shielding and vetoing is required
to further make the detector environment to be background free as far as possible.

The energy of recoils can be measured in a detector in several ways and depending on the
measurement technique, there are different types of direct detection experiments (see Ref. [104]
for a detailed review). The recoil energy can manifest itself in the form of phonons which can
be detected in cryogenic bolometers or superheated liquids. The signal can also be in form of
scintillation light for which scintillation crystals and liquid noble-gas detectors are the most appro-
priate. The recoil can also cause ionisation which can be measured by semi-conductor detectors
such as CoGENT. Fig. 2.6 shows the possible signal due to WIMP scattering on the target nuclei
and various experiments based on the detection techniques.

Due to rotation of the sun around GC, the earth-based detectors are effectively moving into
a “wind” of WIMPs. In addition to this, the earth is rotating around the sun which results in a
relative velocity of the earth with respect to the WIMP wind. This is expected to give rise to an
annual modulation signal at the direct detection detectors. However, as mentioned in Chapter 1,
that despite the fact that DAMA has seen the annual modulation, for all the known theoretical as-
sumptions it is hard to reconcile the positive results with the null results given by other experiments
such as LUX, XENON and PANDA. In fact, they have placed strong upper bounds on the WIMP
nucleon elastic scattering cross-sections. This tension demands more careful searches, especially
for low mass WIMP region. In this context, WIMP indirect detection methods an attractive com-

plementary probe.

2.5.2 Indirect searches

The indirect searches of dark matter look for the flux of final state SM particles like neutrinos,
positrons, gamma rays, anti protons, arising out of WIMP annihilations or decay. WIMP annihila-
tion rate is proportional to the square of the dark matter density (see Chapter 3 for details). Hence,

indirect search involves searching for WIMP annihilation or decay products at the core of celestial
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bodies, like the sun and earth, or galactic centre/halo or in general where we expect high WIMP
concentration. WIMP could annihilate to various SM model particles like quark-antiquark pairs
and lepton-anti-lepton pairs. These SM products then can subsequently decay to give rise to final
state particles such as neutrino-antineutrino pairs and gamma photons. Depending on the WIMP
model, they could also decay directly into neutrinos* and photons. Now, we briefly summarise

various experimental techniques classified as per their search for the end product.

e ~ rays The photons produced from an annihilating or decaying dark matter would not be
significantly affected by the magnetic field. They could be, however, weakly attenuated over
large galactic distances, yet their energy spectra at the point of detection at earth should be
close to the spectra at the point of production at the source. The photons are therefore a
good probe to measure angular position of the source and other energy related information.
There are several experiments that are conducting searches for gamma rays arising out of
WIMP annihilation in the galactic centre/ halo. Some of these are space based such as

Fermi-LAT [32] and others are ground based like HAWC [105, 106] and MAGIC [107].

e Antimatter Annihilation of WIMPs into proton-antiproton, electron positron and deutron
anti-deutron pairs offers a unique way of probing dark matter signatures. The flux of par-
ticles like protons, electons are copiously being produced in the cosmos. Their antiparti-
cles, however, are limited by known production mechanism. Therefore, an excess in the
anti matter content such as positron and antideutron can be inferred to be coming from
WIMP annihilation. Different experiments worldwide are looking for different antiparticles.
PAMELA [108] is conducting a search for antiprotons and positrons whereas GAPS [109]

is a planned experiment specifically being designed to detect antideutrons.

These charged particles, unlike gamma rays or neutrinos, gets affected by the galactic and
the earth’s magnetic field and appear as a diffuse spectrum. Also, in order to distinguish

these particles from the antiparticles produced in the electromagnetic showers due to the

4Some models of extra-dimensions predict WIMP annihilating directly into v.i,, v, v, vV [95,96].
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action of cosmic rays in the upper atmosphere (see Chapter 4), the searches for dark matter

through this scheme have to be conducted at high altitudes or in the space.

e Neutrinos Neutrinos are a very powerful probes for searches for WIMP annihilation as they
can propagate through space, unaffected by magnetic field. Since they are weakly interacting
they can also escape the interiors of the celestial bodies without being modified significantly.
The indirect detection with neutrinos as a probe is the theme of this thesis. Specifically,
we will look at the prospects of detecting neutrino with ICAL in the sun, earth and galactic

centre.

Indirect searches complement the direct searches, since unlike them, they not only aim to
provide a measurement of WIMP mass and scattering cross-section, but also information on the

different annihilation branching ratios.

2.5.3 Collider searches

As mentioned in the previous chapter, being electrically neutral and cosmologically stable massive
particles, WIMPs would manifest at colliders as missing transverse momentum F£7. Therefore,
colliders searches of DM are based on the observation of the visible counterpart of an event such
as charged leptons, jets or a photon, and are generally referred to as mono-X searches. In order to
disentangle DM signal from large SM background, events with large Ep are selected. However,
since colliders identify missing energy, they cannot uniquely determine the presence of DM in a
signal event. All they can do is to confirm the presence of a neutral and "stable" particle, that might
have even decayed outside the detector. Nevertheless, the strategy to identify WIMPs at colliders
is quite exciting and complementary to direct and indirect dark matter searches. Assuming that
the production of WIMPs at colliders is uniquely connected to the WIMP-nucleon scatterings at
underground laboratories, one can use the non-observation signals with large Ep to derive limits
on the WIMP-nucleon scattering cross-section.

Since the interpretation of dark matter requires that one assumes a model leading to the signal

under consideration, LHC DM working group (LHCDMWG) has given recommendations (see
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Ref. [16, 110]) while comparing LHC results in context of a specified model with results from
direct and indirect detection experiments. Based on Ref. [16], we discuss below one such model
where the DM particle has been assumed as a Dirac fermion y and that the particle mediating the
interaction (the "mediator") is exchanged in the s-channel. Several simplifying assumptions are
considered leading to a model characterised by four parameters: the DM mass m,, the mediator
mass M,,.q, the universal coupling to quarks g, and the mediator coupling to DM g,,.. Due to strong
LHC bounds from di-lepton searches, mediator couplings to leptons are always set to zero in such
models.
In general, the ST WIMP-nucleon scattering cross section takes the form
F2(90) Ixbn

os] = W, (212)

med

where i, = myum,/(m, + m,) is the DM-nucleon reduced mass with m,, ~ 0.939 GeV the
nucleon mass. The mediator-nucleon coupling f(g,) is a function of mediator-quark coupling and
hence depends on the scattering considered viz. scalar, vector or axial vector. For the interactions
involving vector and scalar mediators (and for recommended choice of couplings), the difference

between the proton and neutron cross section is negligible. For the vector mediator,

f(gq) = 39(17 (2.13)
and hence we have
2 (1Tev " 2
~ 6.9 x 10~4 2.(gqu) ¢ ( Hnx ) 2.14
oSt . M\0.25) \ Moy | \1GevV/ " 2.14)

Using the values from Ref. [16], for the scalar mediator

f(g,) = 1.16 x 10%g,, (2.15)

49



and therefore, the SI WIMP nucleon cross section can be written as

4
2 [ 125GeV L 2

~ 6.9 x 10713 2.(9qu) ( nx ) . 2.16

(1S} 6.9 x 10 cm 1 Mmed 1GeV ( )

For the axial-vector mediator, the SD scattering cross-section can be written as

312(9a) g3 by
= 2.17
JsD ﬂ_Mswd ) ( )
and under the assumption that the coupling to all quarks is of equal strength,
f(9q) = 0.32g,, (2.18)
and hence A
2 1TeV 1 2
~ 2.4 x 10 2em?, (919Y) () 2.19
75D N 095) \ Muea ) \1GeV (2.19)

While the searches at collider are not completely model independent, as they assume pro-
duction channels within context of specific WIMP models, they do offer an advantage of being
independent of any astrophysical uncertainties. Further searches in future with high centre-of-

mass energy> could provide further insight into the particle nature of dark matter.

2.6 Complementarity of direct, indirect and collider searches

The dark matter searches relying on different approaches complement each other and are needed
to completely reconstruct and understand the nature of dark matter. The complementarity may
be seen at several levels [111]. Firstly, these strategies are qualitatively complementary i.e. they

differ in essential characteristics, and rely on different dark matter properties to see a signal. Di-

SFuture Circular Collider (FCC) is one such proposal to extend the existing LHC facility to centre of mass energies
up to 100 TeV.
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rect detection searches attempt at measuring the tiny energy deposited by a WIMP scattering on
target nuclei, in ultra-low background conditions, whereas indirect detection involves search for
the products of WIMP annihilation and decay and then there are collider searches hunting for DM
production signals. Therefore, it is essential to have these complementary set of approaches, sen-
sitive to viable and well-motivated dark matter possibilities. Secondly, the approaches are also
quantitatively complementary: for a given class of dark matter possibilities, these approaches are
sensitive to different DM interactions and mass ranges. Lastly, in the event of the discovery of
a compelling dark matter signal, complementary experiments are not only required to verify the
initial discovery but also to confirm answers to several questions: whether the particle makes up
all of dark matter or only a portion of it, what are its essential properties such as its interactions,
spin, and mass, and also to determine its role in the large scale structures formation of the universe
that we see today. It is imperative, therefore, to push for a balanced dark matter program compris-
ing these complementary searches to discover and understand the dark matter. Fig. 2.7 shows the
worldwide hunt for the dark matter, including the terrestrial and satellite experiments. In the rest
of this section we look into the complementarity between these approaches in some detail.

In order to compare sensitivity of different approaches, interpret results and appreciate the
extent of complementarity between approaches, we should be careful regarding the assumptions
involved in the signal rate calculation in different experiments. We also need to understand the
various source of uncertainties affecting the reconstruction of WIMP parameters related to the
WIMP velocity distribution, nuclear form factor, type of WIMP-nucleon scattering, and the local
DM density which suffers from large uncertainties [112]. Generally, for the case of direct and
indirect experiments, the common assumptions involved in the signal calculation are the following:
there is a smooth halo of DM particles in our galaxy wich is well described by a Maxwellian
velocity distribution [113]; the nucleus can be treated as a hard sphere as indicated by the Helm
form factor [103], and that the WIMP-nucleon scattering is elastic.

The scenario in which a large class of even the most natural WIMP candidates, may have

too small WIMP nucleon cross sections, and hence evade detection in the currently running direct
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Figure 2.7: Worldwide hunt for the dark matter, including the terrestrial and satellite experiments.
Gamma ray telescopes (black circle) and neutrino telescopes (green box) are examples of indirect
searches. The underground labs housing direct detection experiments (blue pyramids) and col-
lider (yellow diamond) production searches are also shown. Some of these experiments have now
stopped operation. The figure has been taken from Ref. [12].

detection experiments. A study of such models has been done in Ref. [114]. For these models, as-
sociated with low WIMP nucleon cross sections, the background becomes the principal limitation
and hence DM can escape detection even in the future large scale direct detection experiments.
Should we have very massive neutralinos as a DM candidate, it will be beyond collider searches.
However, in that scenario indirect detection in terms of gamma rays provides an interesting and
unique search window [114]. For the parameters favouring direct detection, the possibility of see-
ing a signal in at least two independent types of experiments will be interesting and crucial to make
a convincing case that the dark matter problem has been resolved. See Ref. [114] for the details
of model wise complementarity of direct detection techniques and gamma ray searches in og; vs
(o v)/m? plane.

Similarly, while reconstructing the mass, spin-independent and spin-dependent WIMP nu-
cleon cross sections of dark matter particles with a combined data set of direct and indirect detec-

tion experiments can help break the degeneracies in the dark matter cross section parameter space,
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even in the unfortunate scenario when there is no signal at the indirect detection experiment. Com-
bined analysis of XENONIT and IceCube is one such promising scenario and has been described
in Ref. [115].

The DM velocity distribution impacts the direct and indirect detection methods in a different
manner. Direct detection experiments are more sensitive to the nuclear recoils from high velocity
WIMPs whereas indirect detection (when depends on the capture rate of WIMPs in the sun or earth)
are more likely to be from the slower portion of the WIMP velocity distribution. One can combine
null results from direct detection experiments with neutrino telescopes/detectors and derive an
upper limit on the scattering cross-section which is independent of velocity of dark matter in the
halo (See for e.g. Ref. [116]). Similarly, using a positive direct detection signal, a halo-independent
lower bound on the dark matter capture rate in the sun can be obtained [117].

Collider searches offer an advantage over direct and indirect approaches in the sense that
they do not suffer from astrophysical uncertainties [118]. By combining data from accelerator and
direct-detection experiments, a better reconstruction of the DM properties can be obtained (see for
instance Ref. [119]). Then there can be complementarity of indirect and collider searches, such
as the case where the exclusion limits from indirect detection experiments can help break degen-
eracies in the phenomenological parameter space of DM that would be present even in accelerator
data (see for example, Ref. [120]). Similarly, complementarity can arise between direct detection
and fixed target experiments [121]. Thus, in conjunction with direct and collider searches, indi-
rect detection techniques emphasize the importance of multi-pronged approach to the dark matter
identification. In this thesis, we present the prospects of indirect detection with ICAL detector. In
the next chapter, we calculate the neutrino fluxes at the ICAL detector due to WIMP annihilation

in the sun, the earth and the galactic centre.
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Chapter 3

Neutrino fluxes due to WIMP annihilation

Neutrinos offer a unique way of probing dark matter signatures, for they retain the spectral in-
formation and point back to the source, making them a powerful astroparticle tool for indirect
searches. In this chapter, we will calculate the neutrino fluxes arising due to WIMP annihilation in
the sun, the earth and the galactic centre.

In Section 3.1, we calculate the capture and annihilation rate of WIMPs in the sun, the subse-
quent production of neutrino fluxes and propagation from the sun core to the ICAL detector. This
is followed by 3.2 where the capture rate calculations and the corresponding neutrino fluxes due
to WIMP annihilation in the earth core have been described. Finally, in Section 3.3, we describe
the signal flux calculation due to WIMP annihilation in the galactic centre region. This involves

knowledge of DM distribution in the galaxy, which are also discussed in the subsections.

3.1 Neutrinos from WIMP annihilation in the sun

The number of WIMPs inside the sun as a function of time is given by the following differential
equation [35],
dN

— =(C —CA\N?—-CgN 1
n C —Cy CgN , 3.1

where the three terms on the right-hand side correspond to capture of WIMPs inside the sun, their

self annihilation inside the sun’s core and evaporation from its surface, respectively. The effect of
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evaporation from the sun is seen to be important only for very light WIMP [122—-125]. Since we
will be working with WIMP masses above 3 GeV'! we will neglect the last term of Eq. (3.1) in this
thesis. Since each annihilation reduces the number of WIMP by two units, the rate of depletion of

WIMP (I',) is twice the annihilation rate in the sun and hence
1 2
'y = §CAN ) (3.2)

The quantity C' is a function of total WIMP annihilation cross-section times the relative velocity

of the WIMP ({oav)) and the distribution of WIMP in the sun and can be written as,

Va
CA - <UAU> ‘/127 (33)
where V; is the effective volume of the sun and is given by V; = 6.5 x 10%%(j mi")*?, and my"

being WIMP mass in the units of 10 GeV [35]. Solving Eq. (3.1) for N, we find the annihilation
rate at any given time as

[y = %C tanh *(¢/7), (3.4)

where 7 = (CC,x)~'/? is the time required for equilibrium to be established between the capture
and annihilation of WIMP in the sun. If the age of the sun is greater than the equilibrium time

scale (t,, = 1.5 x 107 s >> 7), which is indeed the case, and hence we have 'y = %C.

The WIMP capture rate due to spin independent interactions (Cgp) in the sun is given by

[35,126],

. 1 GeV Plocal 270 km/s (mx/mm)
CSIC( m,, ><0.3 GeV/cm3)( Dlocal )ZF USIM)’ ni/(1 GeV)’ (3-5)

where ¢ = 4.8 x 10** s71, m, is the mass of DM, pjoca is the local DM density and tjocy is the

IThe lower m,, considered for the WIMP annihilation in the sun, the earth and the galactic centre is 3 GeV, 10
GeV and 5 GeV, respectively.
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DM velocity dispersion in the halo, the summation has to be carried out over all the nuclei in
the sun, F;(m,) is the form-factor suppression for the capture of a WIMP of mass m, with the
it" nuclei, m ~, 1s the mass (in GeV) of the it" nuclear species, f; is the mass fraction of the ith
element, and o is the cross-section for elastic scattering of the WIMP from the " nucleus via
SI interaction in units of 1074 cm?. The normalised average “potential energy” ¢; depends on the

spatial distribution of the i*" element in the sun and is expressed as

¢; = (v*)i/vo (3.6)

where (v?); being the escape velocity square of WIMP, averaged over the distribution of the ele-
ment ¢ and vy is the escape velocity at the surface of the sun [127]. The quantity S(m,/my,) is

the kinematic suppression factor for the capture of the WIMP from a nucleus and is given by:
S(x) = (A"/(1+ AN, (3.7)

where x = m, /my,, b= 1.5 and A is written as,

v (V)

(x — 1)2( 02 )

3

The quantity (vZ ) is a mean escape velocity and for the sun we have (v2_ ) = 1156kms™'. ©

= Ulocal 18 the local dark matter velocity dispersion mentioned earlier. It can easily seen that for

<Uesc2 ) -1
02 :

2
r — 1, S(x) — 1 and for the case z — oo, S(x) — a7l forz — 1, S(x) oc Yy
This implies that the kinetic suppression factor is zero for WIMP mass close to nuclear mass and
resulting in an enhancement in the capture rate. The capture is, however, kinematically suppressed

for WIMP mass differing from nuclear mass. o; can be related to og by the equation

2
ol = o1 A? ('Lﬂ) (3.9)

Foxp
where A is the atomic number, p is the reduced mass and in approximation my, = A;m,, where
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Figure 3.1: SI and SD capture rates for WIMP in the core of the sun as a function of WIMP mass

my.

m,, is the proton’s mass.
The spin dependent capture rate (C'sp) of WIMP due to elastic scattering off sun’s nuclei is

given by [128],

50 GeV'\ Plocal 270 km/s
Cyp = 9 x 1024 s~ [ 25D 3.10
sp =9 S {1072 pb My 0.3 GeV/cm? o ) OO

where as before, m, is the DM mass, pioca 18 the local DM density, vjoca is the DM velocity dis-

persion in the halo and ogp 1s the SD WIMP-nucleon cross- section. The WIMP capture in the sun
due to SD scattering is mainly due to hydrogen. Figure 3.1 shows the SD and SI capture rates for

the sun for an assumed WIMP-nucleon cross-section for each case.

The WIMP annihilate into pairs of standard model leptons, quarks, gauge and Higgs bosons.

Their subsequent hadronisation and/or decay give rise to neutrinos. We will also consider the

situation where the WIMP annihilate directly into neutrino-antineutrino pairs. The differential
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neutrino flux at the detector coming from WIMP annihilations in the sun is given by

dN! r dN;

0dtE, e ;BRj a5, G0
where ['4 is defined above in terms of Cs; or C'sp, R is the distance travelled by the neutrinos
and dN; /dE, is the differential flux for a given annihilation channel j, where j could be W+,
bb, c¢, 7H7~ and so on. The sum in Eq. 3.11 is over all possible channels j and the sum has to
be weighted with the branching ratio (BR;) of the particular channel j. These branching ratios
can be calculated within the framework of specific models. Since we consider a generic WIMP
scenario, we will take only one annihilation channel at a time and assume 100% branching ratio for
that channel. The expected sensitivity limit calculated for each channel for 100 % branching ratio
indicates the limit expected for that particular channel alone. A given WIMP model will predict a
mixture of these channels with varying branching ratios, and hence the corresponding sensitivity
limit will lie somewhere in the region bounded by the best and worst limit expected from these
various channels. For instance, the expected sensitivity limit for a DM model that predicts annihi-
lation of WIMPs into 777~ with 20 % BR and into bb with 80 % BR, will lie in a region between
the expected sensitivity for these two channels with 100% BR, and closer to the latter channel. It
should be noted, however, that this example model explicitly assumes only two annihilation chan-
nels. In case WIMP annihilate to less competitive annihilation channels such as dd, u and s3, the
sensitivity limits would decrease proportionately. Similarly, WIMP annihilation to channels like
et e, which do not contribute to neutrino fluxes, would weaken the sensitivity. The annihilation
of WIMP can occur through various channels : c¢, bb, tt, ete™, ptu=, 77—, WTW—, Z°2°,
gy, dd, ut and ss. Among these channels, electrons are stable and the muons would interact and
get absorbed inside the sun before they could produce high energy neutrinos. Hence these are not
relevant to our analysis. Annihilation of DM into particles like protons, anti-deutrons, gamma rays
will also not produce neutrino fluxes and hence not considered in our work. The quark-antiquark
annihilation channels like u, dd and s3 will produce a weaker neutrino spectra, in fact a few order

of magnitude smaller than the g g annihilation channel and hence we do not consider them in our
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Paramter Best-Fit Value

012 34°
015 9.2°
0o 45°
5 0

Am3, 7.5 x 107%eV?
Am2, 2.4 x 10~%eV?

Table 3.1: Oscillation parameters used in the simulations related to dark matter searches in the sun
and the earth.

analysis. The g g annihilation channel is not competitive, but we quote the sensitivity limits for this
channel. We will work with WIMP masses between a few GeVs to up to 100 GeV, and hence the
channels WHTW—, Z°Z°, tt are not kinematically relevant as they open up from masses 80.4 GeV,
91.2 GeV and 173 GeV, respectively. The annihilation to Higgs boson has also not been considered
for the same reason. In WIMP models like Kaluza-Klein (KK) dark matter, WIMP could directly
undergo annihilation into neutrinos vgvg, vV, V-V-. We have considered these channels in our

analysis.

The spectra of neutrino fluxes due to WIMP annihilation in the sun have been calculated in detail
in [129, 130]. In this work, for simulating the WIMP annihilations into standard model particle-
antiparticle pairs in the centre of the sun, the subsequent propagation of the daughter particles
and finally the neutrinos, we use WIMPSIM [131] package. WIMPSIM uses Nusigma [132] for
simulation of neutrino-nucleon interactions and PYTHIA [133] for the hadronisation, decay and
production of neutrinos. The upper WIMP mass considered for all the annihilation channels is 100
GeV and the lower mass considered is 3 GeV with the exception of bb whose lower mass limit has
been taken to be 7 GeV. The propagation of neutrinos includes full three flavour neutrino oscilla-
tions with the oscillation parameters given in Table 3.1. We consider normal mass hierarchy for
the neutrinos in our analysis. Neutrino mass hierarchy and oscillation parameters may influence
the signal neutrino flux calculations [130] and hence detector’s indirect detection sensitivity. We

defer such sensitivity studies to future projects..
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Figure 3.2: The v (solid) and v (dashed) fluxes at ICAL due to annihilation of 25 GeV WIMPs in
the sun for channels for various annihilation channels with ogp = 1073 cm?. The fluxes due to SI
interactions in the sun are similar and scaled by the appropriate og;.

The neutrino and antineutrino fluxes (in units of GeV~'m—2?Q~!'s~') at ICAL due to WIMP
annihilations in the sun is shown in Fig. 3.2. We use the following values: pjoca = 0.3 GeV/ cm?, Viocal =
270 km sec™! and 100 % BR for each of the channels. We show the fluxes for WIMP mass of 25
GeV and WIMP-nucleon scattering cross-sections of osp = 10739 ¢cm?. Note from Fig. 3.2 that
for WIMP mass of 25 GeV, the fluxes for both neutrinos as well as antineutrinos are nearly same.
The above feature is seen to be true for nearly all WIMP masses. Also note that for the 77~
channel, the neutrino fluxes fall by only about 1 order of magnitude between neutrino energies 0
and 25 GeV, which is the maximum possible neutrino energy from a 25 GeV WIMP. For the bb
channel on the other hand, the fluxes are lower than those for the 777~ channel to begin with, and
subsequently fall sharply by many orders of magnitude by £, = 15 GeV. For higher energies, the
neutrino flux from the bb channel is relatively negligible. The fluxes due to c¢ channel are lower
than bb for all neutrino energies but follow a similar trend. The contribution from gg channel is an
order less than bb. The fluxes due to wi, dd and s5 channels are pretty indistinguishable from each

other and are several orders of magnitude lower than bb making them least competitive. The KK
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channels give rise to monoenergetic neutrino fluxes at high energies and hence will give the most
sensitive limits. The tail associated with KK channel fluxes is as a result of pile-up of events at
low energies coming from secondary decays of 7 that have been created in v, ¥, charge current
(CC) interactions inside the sun and as well as from energy losses due to neutral current (NC)
interactions. The interactions also create a loss at higher energies (both due to absorption via CC
interactions of electron and muon neutrinos and due to energy losses). Therefore, it is evident that
the indirect detection bounds from observation of these neutrinos and antineutrinos will be stronger
when one considers the v or 777~ channels compared to when one takes the softer channels such
as bb and cc. As mentioned above, we do not consider the other channels with weaker neutrino
flux strength in our discussion on the expected sensitivity to indirect detection of dark matter in
ICAL. Within the context of specific WIMP models, of course, the individual BR for each of the
channels can be calculated and then one can find the expected sensitivity of ICAL to indirect de-
tection within that given model. For illustration, however, we give the expected sensitivity limits
for the 777, bb, c¢ and gg channels with 100 % BR as mentioned above, and also consider WIMP
annihilation channels vgig, v,v,, v;V; in our analysis and calculate the corresponding expected
sensitivities. The Fig. 3.2 is shown for benchmark values of WIMP mass and cross-sections. The
fluxes for other values of ogp simply scale with the value of the cross-section, however, for other
values of WIMP masses the spectral shape changes. Nevertheless, the above mentioned features

regarding the fluxes from different annihilation channels remain true for all WIMP masses.

3.2 Neutrino flux from WIMP annihilation in the earth

The time evolution of WIMPs inside the earth also follows Eq. 3.1. As we did for the case of
solar WIMP analysis, we neglect the effect of evaporation from the earth assuming that it is not
significant for reasonably heavy WIMPs [122—125]. For the lighter WIMPs i.e., for m, < 10 GeV,
this assumption may not be valid. However, for the WIMP annihilation searches in the earth, we
consider m, > 10 GeV and evaporation has been neglected. The quantity C's in Eq. 3.2, depends

on the velocity averaged WIMP self-annihilation cross-section (o 4v) and the effective volume of
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Figure 3.3: The dependence of the time required for equilibrium to reach between annihilation
and capture rate for WIMP in the earth as a function of WIMP mass m,,. It can be seen that for the
parameters chosen in this analysis, we can see that equilibrium is never achieved. This has been
calculated by fixed value of C'y by choosing (oav) = 3 x 107%cm?®s 1. A scattering cross-section
of og; = 10~*4cm? has been assumed while calculating C' using Eq. 3.12.

the earth V; = 2 x 10%°(j m 0)3/2 [134]. Unlike sun, it is seen that equilibrium between the capture
and annihilation of WIMP has not reached in the earth and hence there is no simple proportionality

between the annihilation rate and WIMP-nucleon scattering cross-section. Nevertheless, ¢/7 can

be related to the capture rate C' and annihilation cross-section (o 4v) through the following relation:

1/2 1/2 3/4
fo _19x10( ZU) M) (3.12)
Te s1 cm3s~! 10GeV

where t = tg ~ 4.5 x 10% years is the age of the earth. We can see that the equilibration time

Te in equation Eq. 3.12 depends on the capture rate (Eq. 3.5) and the quantity Cs (Eq. 3.3) and
has a dependence on WIMP mass. From Fig. 3.3, we can see that for a 50 GeV WIMP mass, 7 is
the order of ~ 10'® s, whereas the age of the earth is of the order of ~ 10'7 s. For WIMP masses
less than 50 GeV, the value of 7 increases by a few orders while for WIMP masses greater than

50 GeV it goes up by up to 1 order of magnitude. Therefore, we see that equilibrium between the
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annihilation and capture rate is never achieved. This implies that the ratio ¢/7 < 1, and hence the
tanh contribution in the Eq. 3.4 remains. For a fixed value of (c4v), Cy is constant and a direct
proportionality between 'y and C' can be established. Hence, the annihilation of WIMP in the
earth can be related to the WIMP-nucleon scattering cross-section. The scattering of the WIMP
could proceed via both Spin Dependent (SD) and Spin Independent (SI) processes. As mentioned
earlier in chapter 2, WIMP nucleon scattering cross-section depends on the number and spin of
nucleons present in the nucleus. Since the earth comprises mainly heavy nuclei with negligible
fraction of nuclei with spin, the ST WIMP-nucleon scattering is dominant and is given by Eq. 3.5,
where the constant ¢ has a value of 4.8 x 10'° s~! for earth. The summation in Eq. 3.5 has to be
carried out over all the nuclei in the earth and f; and ¢; are the quantities as defined in the previous
section with the relevant values for the earth taken from [35,126]. Fig. 3.4 shows the rate at which
WIMPs are captured in the interior of the earth for a scattering cross-section of og; = 10~*4cm?.
From Eq. 3.5 and Eq. 3.7 we can see that when m,, is close to the mass of one of the abundant
nuclei in the earth, there is a resonant capture leading to an enhanced capture rate which is shown
as peaks in Fig. 3.4.

The differential neutrino flux arising at the ICAL detector, due to WIMP annihilation in the
earth, is given by Eq. 3.11, where ['4 and C are related as discussed above in this section, R is the
distance travelled by the neutrinos between the point of creation in the earth’s core and detection
at the detector. The differential neutrino flux dN;/dE, for a given WIMP annihilation channel j
is calculated using WIMPSIM. In fact, the neutrino spectra at the point of production for the case
of the WIMP annihilation in the sun and earth are identical. The final fluxes reaching the detector,
however, are modified due to different normalisation factors in Eq. 3.5. The neutrinos from solar
and terrestrial WIMP annihilations also encounter different propagation length through matter,
thereby resulting in different neutrino interactions and oscillations. For earth WIMP analysis, we
consider WIMP mass in the range (10 — 100) GeV and only b b and 7+ 7~ annihilation channels.
The neutrino oscillations involved in the propagation of neutrinos through earth matter has been

incorporated in a full three flavour neutrino framework with the oscillation parameters given in
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Figure 3.4: SI capture rate for WIMP in the earth as a function of WIMP mass m,,.. The enhanced
capture rate due to resonance scattering on various nuclei is also shown. A scattering cross-section
of og; = 10~*cm? has been assumed.
Table 3.1. Throughout our analysis related to dark matter searches, we consider normal mass
hierarchy.

Fig. 3.5 shows the neutrino and antineutrino fluxes (in units of GeV~'m~2Q~!s7!) at ICAL
due to WIMP annihilations in the earth. For each of the annihilation channels, we assume 100
% BR. We take pioca = 0.3 GeV/ cm? and v = 270 km sec™! in our flux calculations. The
fluxes shown in Fig. 3.5 are for a 25 GeV WIMP assuming a WIMP-nucleon scattering cross-
section og; = 1073% cm?. We can see from the figure that the fluxes for both neutrinos as well
as antineutrinos are nearly same, with antineutrino fluxes being slightly higher than the neutrino
fluxes because their interactions with the matter in the earth are helicity suppressed. This feature
seems to hold for nearly all WIMP masses. The fluxes follow the same trend as for the case of solar
WIMP annihilation. For the 717~ channel, the neutrino fluxes fall by about 1 order of magnitude in
the above range. However, for the bb channel, the fluxes fall sharply by many orders of magnitude
and well before £, = 20 GeV it becomes negligible. Therefore, stronger indirect detection bounds

are expected with neutrino fluxes from 77~ channel in comparison to b b channel. As discussed
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Figure 3.5: The v and v fluxes at ICAL due to annihilation of 25 GeV WIMPs in the earth for
various WIMP annihilation channels with og; = 1072 ¢cm? and (o 4v) = 3 x 1072 cm? 57!

in the previous section, the fluxes arising due to annihilation channels involving the other quark-
antiquark pairs are even weaker. The Fig. 3.5 shows fluxes for benchmark values of WIMP mass
and cross-sections. The fluxes for other values of og; can be obtained by simply scaling the value
of the cross-section. The above mentioned features of fluxes from various annihilation channels
hold for all WIMP masses.

For WIMP searches, the dark matter phase distribution is a large source of uncertainty. Such
study has not been done in this thesis but one could see Ref. [135] where the impact of dark matter
velocity distribution on the WIMP capture rate calculations have been discussed. Detailed studies
of the individual uncertainties on the dark matter capture rate shows that the overall uncertainties
in indirect searches are moderate. An existence of dark disc enriching low-velocity population
could result in a significant increase in capture rate especially for heavy WIMPs. It will, how-
ever, enhance the capture rate and therefore allow the interpretation of current limits from indirect
searches to be more conservative. There could also be uncertainties in the capture rate calculations

due to form factor contributions [35].
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Figure 3.6: The definition of ¥, AQ) and other factors involved in Jy and J(AQ) calculation. ¥
is the angular separation between the line joining the earth and GC and the line joining the earth
and point P. Rg¢ is the solar radius, Ry is the radius of the Milky Way galaxy and [,,,,, is the
maximum distance between the earth and the farthest point in the galaxy. A is the solid angle
subtended at the earth due to cone half angle V.

3.3 Neutrino fluxes due to WIMP annihilation in the galactic

centre

The v fluxes $24(E, ¥) (in units of GeV~'m™2Q~'s™!) from dark matter annihilating in the galac-

d®,

tic centre is expressed as the product of a particle physics term 7=

(E) and an astrophysical term
J(AQ). U is the angular separation between the line connecting the detector and the GC and the
line connecting the detector and point P in the halo as shown in Fig. 3.6. At neutrino energy £ and

in the direction of the GC, the flux integrated over the solid angle AQ) = 27 (1 — cos V) is given
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by the following equation :

do do
14 E \I] — v
dE, (B, ) dE,

(E) x J(AQ). (3.13)

The term $2¢(E) is a function of velocity averaged WIMP annihilation cross section (o4v) and

WIMP mass m, and can be written as:

o, 1 (o4 0) dN,
E)=— BR
a5, ") = I m26 2B

(3.14)

where ¢ is a factor which is 2 for Majorana fermion and 4 for Dirac fermion. We consider WIMP

to be Majorana fermions in our analysisB Ry is the branching ratio as described in the previous

sections. gg” o is the neutrino spectra at the surface of earth. The neutrino (and anti-neutrino)
spectra at the point of production jg” . have been calculated ? [7] including the electroweak

corrections [13]. The neutrinos undergo vacuum oscillation while propagating from the GC to the

surface of the earth as given by,

dnN,
dE,

dN,
—N" P, , 3.15
. ; (Vo — Uﬁ)dEV . ( )

where P(v, — vg) is the probability of transition of v, neutrino into vz. These probabilities

average out since the baselines are very long and are given by the following expression:

; 0.52 0.32 0.17
P(vo = vg) = P(Ua = 75) = > _|[VaiVail* ~ | 0.32 034 0.35 (3.16)
=1
0.17 0.35 0.48

%It can be noted that the neutrinos spectra at the point of production calculated using WIMPSIM and PPPC 4 DM
ID are different mainly because the latter group incorporates electroweak corrections in their spectra calculation. The
channels like v which are almost monoenergetic for the case of WIMPSIM, are broader for the latter case. This is
because the primary neutrinos start to radiate gamma rays and the charged leptons due to radiative weak corrections.
This effect is significant for m, above electroweak scale ~ 250 GeV, but could be observed (although less significant)
even for low WIMP masses [7].
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Paramter Best-Fit Value

0o 33.62°
015 8.54°
0o 47.2°
5 234°

AmZ, 7.40 x 10~%eV?
Am3, 2.49 x 1073eV?

Table 3.2: Oscillation parameters used in the GC WIMP annihilation analysis [33] [www.nu-
fit.org].

where the index 7 runs over the neutrino mass eignestates, («, 5) = (e, u, 7) flavour states, and
the elements of |V,;| of the neutrino matrix can depend on its unknown CP-violating phase. The
oscillation parameters used for calculating the fluxes for this work are different than those used in
the previous sections and are given in Table 3.2. Fig. 3.7 shows the muon neutrino spectra at the
surface of earth due to annihilation of 30 GeV WIMP in the galactic centre. The v, spectra for
various annihilation channels have been shown. One can see that 7777, u™p~ and v channels
give a harder spectra. One can see the effect of vacuum oscillations on different neutrino flavours
as they propagate from the GC to the surface of the earth. Fig. 3.8 shows the comparison of the

oscillated and the unoscillated neutrino fluxes arising out of 30 GeV WIMP at the CC.

3.3.1 DM density profiles and J-Factor calculations

The astrophysical contribution 7 (A£2) or J-Factor as given in the Eq. 3.17 is a function of the
line-of-sight integral J(¥) of the DM distribution profile and is discussed in detail in the following
subsection. Since there is an uncertainty in the distribution of DM in the galaxy, especially in the
galactic core, generally a standard DM density profile is assumed and results are quoted for the
DM profile.
AQ AQ
T(AQ) = / J(U)dQ = / / p*dldQ, (3.17)

0 0 l.o.s
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Figure 3.7: The v, spectra at the surface of the earth due to WIMP annihilation in the galactic
centre. The v, spectra is similar and not shown here. We used the spectra at the point of production
[7] and propagate it to the earth surface taking care of vacuum oscillations. The shown spectra is
for a 30 GeV WIMP and for several annihilation channels. Electroweak corrections have been

included [13].
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where J (W) = line of sight integration of DM-density squared and is given by:

lmuw
J(U) :/ dl p? <\/R§c—2lec cos\If+l2). (3.18)
0

In Eq. 3.18, ps is the local dark matter density, R, is the solar radius whose value is taken to be
8.5 kpc. The parameter [ is the distance between a point and the earth and shown in the Fig. 3.6.
J () is the integral radius of J(V) over a solid cone A2 = 0.57(1 —cosV) and we call it J-Factor.

There is a tension between the halo profile models which describe the DM density distribution
in galaxies, especially in the region around their centre. While the N-body simulations tend to
favour highly steeped concentration of DM in the centre (a cuspy profile), the DM halo profile
fits to the observation data rather favours a flat central core region. This disagreement between
the observational data and the expectations from numerical simulations is known as the cusp-core
problem [136].

A DM profile can be described in terms of a density normalisation p,, scale radius g, the
physical size of the DM halo and several shape parameters S [137]. The radius R at overdensity
A is usually taken to be the physical size of the halo®. Thus for a spherically symmetric DM halo,

DM density p(r) as a function of radial distance r, we have :

p(r) = f(ps,7s, S). (3.19)

The DM concentration in a halo is also a function of r_5 which is the radius at which the slope

becomes -2.
d[r?p(r)]
dr

d logp

d logr

r=r_o r=r_so
Generally, the DM profiles that can be parametrised in terms of three parameters S = («, /3, ) are
collectively known as Zhao’s (or Zhao-Hernquist) profile. Here « is transition slope of the density

profile that regulates the sharpness of the transition between the inner and the outer slopes, (3 is

3Please refer http:/lpsc.in2p3.fr/clumpy/ for more details.
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outer slope and 7 is inner slope of the density profile [138].

275" X p,
(r/rs) (L + (r/ry)e] =

ZHAO(T)

0 (3.21)

where 7, is the scale radius in kpc and p; is the density at » = r, and acts as a density normalisation
factor. The most popular of Zhao-Hernquist profile are NFW (Navarro, Frenk & White) [139] with
(o, B,7)=(1,3,1) and Modified Isothermal (MI) [82] with («, 3, 7)=(2,2,0).

The Burkert profile [140] is a phenomenological density distribution that resembles an isother-

mal profile in the inner regions ( < 1), and with an outer slope —3 as in a NFW profile:

BURKERT Po
r) = , 3.22
O S R o 022
where 7 is the scale (or core radius) in units of kpc and pj is the core density in units of Mg kpc=3.
It is to be noted that for this profile p(rg) = p/4 and r_5 is the root of R* — R — 2 = 0, where
R=r_y/rg,i.e., 7_o =~ 1.52137970687.
Recently dark matter only simulations tend to favour EINASTO profile [141, 142] in which

the inner slope of the DM halo decrease as r decrease, i.e.,

dlogp

p(r) o exp( — Ar®) < —aAr®. (3.23)

d logr

The standard Einasto profile is used in [141] where A = 27~5 and that implies :

«

pEINASTO(T) = p_sexp [ _ E [( " ) — 1]] , (3.24)
al|l\r—2

where o = 0.17, r_5 1s the radius for which the profile slope becomes -2 and p_, is the associated

normalisation. Table 3.3 shows the parameters used for various density profiles [137].
The scale parameters for each of the profiles are chosen in such a manner that they yield the

DM density * of 0.4 GeVem ™ at R, = 8.33 kpc and the total dark matter contained in the galaxy

*For the case of the solar/earth signal calculation we have used pg g = 0.3GeV cm™?
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PROFILE | o« | B[] rs (kpo)
NEW 1 [3[1] 217

BURKERT | - |- |-| 926

EINASTO |0.17 | - | - | 217

Table 3.3: Parameter values for different density profiles.
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Figure 3.9: M (r) of DM density profiles as a function of radial distance r.
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Figure 3.10: p(r) of DM density profiles as a function of radial distance r.

of radius 60 kpc to be 4.7 x 101 M, [143].

The DM mass distribution (M,.) and density distribution (p(r)) for various DM density pro-
files is shown in Fig 3.9 and Fig. 3.10, respectively. It can be seen that for the position of the
solar system, all the density profiles predict roughly the same DM density which is expected. All
these density profiles discussed here are spherically symmetric with respect to the radial distance
r. In Fig. 3.11, we show the J(V) as a function of angular separation from the galactic centre.
Fig. 3.12 shows the integral of J(¥) over a solid angle cone of U for three different DM density
profiles. Among the three profiles, the integral 7 (A2) is maximum for NFW (orange) and lowest
for BURKERT (blue) for low angular separation. For calculating the J-Factors, we have used the
CLUMPY package [137], assuming the contribution of DM clumps to be negligible and hence
turned off while generating the values shown in Fig. 3.9, Fig. 3.10, Fig. 3.11 and Fig. 3.12.

Finally, in Fig. 3.13, we show the neutrino fluxes due to annihilation of a 50 GeV WIMP in
the galactic centre, assuming NFW profile. The colour coding on the left hand side palette shows
the strength of the neutrino fluxes. The red dot represents the galactic centre where the flux strength

is maximum. The skymap has been plotted in terms of the equatorial coordinates using ALADIN

74



10°L
a - — NFW
%) L
% 10195— — BURKERT
Y - —— EINASTO
[0) 181
) 10 5
3 -
= 10Y =

106 :

i 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII
10° 10* 10°% 10% 10t 1 10 10°

v ()

Figure 3.11: The line-of-sight integral J(¥) as a function of angular separation ¥ for NFW (or-
ange), Burkert (blue) and Einasto (green) DM density profiles.

package [144].
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Figure 3.13: v fluxes (cm~2s™ 1) for 50 GeV WIMP annihilating in GC through 7+7~ channel for
a NFW profile, (oAv) = 3 x 10725cm3s™!, calculated using PPPC4DMID [7].
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Chapter 4

Atmospheric neutrino fluxes

4.1 Introduction

Atmospheric neutrinos arise due to interaction of the cosmic ray with the nuclei in the air molecules
in the atmosphere Fig. 4.1. Primary cosmic rays are high energy particles of galactic and extra-
galactic origin and whose exact origin is still unknown. They comprise mostly protons ~ 89%,
around 9% helium nuclei and a small fraction ~ 1% of heavier nuclei, all the way up to ura-
nium [145, 146]. The cosmic rays incessantly bombard the earth’s atmosphere. The interactions
of cosmic rays with the nuclei in the atmosphere produces secondary particles, mostly pions and
a small mixture of kaons. These mesons decay mainly to muons and through the following decay
chain neutrinos are produced:

™ = /ﬁi + Vu(Du)a
pt = e+ 0,(v,) + ve(Pe). 4.1)

Kaons follow a similar decay chain and produce neutrinos of the above two flavours. However,
their contribution to the atmospheric neutrinos flux is quite small in comparison to the neutrino
fluxes produced by decay of pions. The decay of pions and kaons give “conventional” atmospheric
neutrino fluxes comprising only v, and v, flavour neutrinos and their antiparticles. The decay of

heavier mesons typically containing a charm quark produce “prompt” atmospheric neutrinos and
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Figure 4.1: A schematic illustration of the production of atmospheric neutrinos due to cosmic ray
interactions with the air molecules in the atmosphere.

78



are expected to exhibit a harder energy spectrum. They can produce v, /7, fluxes, however, their
production is strongly suppressed and is expected to dominate the atmospheric neutrino fluxes at
energies above ~ 100 TeV and hence are not relevant to our analysis.

The atmospheric neutrino fluxes used in this thesis have been calculated by Honda et. al
as discussed in Ref. [21]. The original work [21] discusses the flux calculation in great detail.
In this Chapter, we include a qualitative details of the flux calculations, and discuss the reasons
responsible for the difference among the fluxes at various locations in Section 4.2. Thereafter, the
features of atmospheric neutrino fluxes such as their dependence on neutrino energy and direction
and their flavour ratios in Section 4.3. This is followed by Section 4.4, where we compare the
fluxes at Theni and Kamioka. Finally, the fact that atmospheric neutrinos act as a major background

to indirect detection is discussed in Section 4.5.

4.2 Calculation of atmospheric neutrino fluxes

The 3D-calculations of the atmospheric neutrino flux as done in Ref. [21] involve tracing the mo-
tion of the cosmic rays and carefully recording the fraction which would penetrate the rigidity cut
off (a quantitative measure of the shielding provided by the earth’s magnetic field), and their as-
sociated secondaries. This is followed by examining all the neutrinos produced during their prop-
agation in the atmosphere, and registering the neutrinos which hit the virtual detector, assumed
around the target neutrino observation site. Several factors have to be taken into account for accu-
rately modelling atmospheric neutrino fluxes for a specified location on the earth: empirical, global
models of the earth’s atmosphere from surface to space, including details of the temperatures and
densities of the atmosphere’s components, and a detailed knowledge of earth’s geomagnetic field.

The most important quantity involved in the calculation of the fluxes is the air density. The
seasonal variation in the air density (for a production height above sea level) becomes more and
more prominent as we move from the tropical regions to the poles. Therefore, we expect less
seasonal variation in the atmospheric fluxes for the INO site (which is in the tropical region) in

comparison to mid altitude sites such as Kamioka (see Figure 1 of Ref. [21] for further details).
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Another quantity affecting the neutrino fluxes is the value of the geomagnetic field for the
geographical site considered and involves the following two processes: rigidity cut off and muon
bending. Rigidity cut off (or more precisely geomagnetic rigidity cut off) is a quantitative measure
of the shielding provided by the earth’s magnetic field and is a function of the horizontal component
of the geomagnetic field (B},) near the earth which guides the gyroscopic motion of the cosmic rays.
The cosmic rays need to have a large gyro-radius in order to arrive at a point very close to the earth.
However, for large gyro-radius the earth acts as a slant shield thereby limiting the arrival azimuth
angle of cosmic rays. For radius sufficiently large enough, the earth becomes a flat shield and then
just limits the upward going cosmic rays, and in that scenario the limitation on the arrival azimuth
angle disappears. This mechanism is known as rigidity cut off.

The muons, before decaying into neutrinos, could bend due to the geomagnetic field thereby
affecting the arrival zenith angle of atmospheric neutrino fluxes. Let us call the difference between
the arrival zenith angles of the neutrino fluxes with and without muon bending as #,,5. Since the
atmospheric neutrino flux (above a few GeV) has a large arrival zenith angle dependence, even a
small 6,5 results in a significant difference of the flux (among different geographical sites) and
this effect is distinguishable from the effect due the rigidity cut off at these energies. Again, itis B},
which regulates the difference of the arrival zenith angle of neutrinos and, therefore, is a crucial
parameter to understand the effects of rigidity cut off and muon bending. Figure 2 of Ref. [21]
shows the strength of Bj, for various geographical sites.

Having mentioned the quantities governing the flux calculations, we can now discuss the
characteristics of atmospheric neutrino fluxes, followed by the differences in fluxes for Theni and

Kamioka site in subsequent section in some detail.

4.3 Characteristics of atmospheric neutrino fluxes

The spectra of primary cosmic rays has the dependence on energy £ as ~ E~27 in the 10 GeV-TeV
range. Therefore, the atmospheric neutrino fluxes follow a similar dependence on neutrino energy

E,, as shown in Fig. 4.2. The figure shows all direction averaged fluxes as a function of neutrino
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Figure 4.2: The variation of atmospheric neutrino fluxes with the neutrino energy F,. The fluxes
have been averaged over all directions and shown for Theni site. The v,, fluxes (red solid) are more
than v, (blue solid) fluxes. Also, the fluxes from the antiparticles are lower than their respective
particles and are shown in lighter shade dotted lines.
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Figure 4.3: Neutrino flavour ratio for all direction averaged atmospheric neutrinos fluxes at Theni.
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Figure 4.4: The dependence of atmospheric neutrino fluxes on cosine of the zenith angle cos ¢
for different neutrino flavours and types. The fluxes have been averaged over all azimuthal bins
and summed over entire energy range F, € [0.1,10000] GeV. cos = 1 represents down going
neutrinos.
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Figure 4.5: The azimuthal angle dependence of the atmospheric neutrino fluxes, averaged over
zenith angle bins and summed over entire energy range. In this convention, ¢ = 0 indicates South,
¢ = 90 is East and so on.
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energy. The v, fluxes are observed to be more than the v, fluxes and the trend is the same for their
respective antiparticles. This feature holds true irrespective of site’s geographical coordinates [21].

From Eq. 4.1, we can see that the ratio of the two flavours:

o, + 0,
_ Pu T % 92 (4.2)

R = ~
q)ye + (PDS

where ® represents the flux of neutrinos with the subscript denoting its flavour. The flux ratio,
using fluxes at Theni, for different flavour combinations are plotted in Fig. 4.2. The flux ratios
v/, and v, /D, reflect the 7% /7~ of the parents pions. Since the majority of the primary cosmic
rays are protons, there is an excess of 77 in general making these ratios more than one. We can
see that the ratio in Eq. 4.2 is only approximately true as at high energies muons may not decay
before reaching the surface of the earth. However, it is always greater than 2 as can be seen from
the figure. The ratio of the v, and v, fluxes is approximately close to 1 and approaches to a value
of 2 for very high energies. The v, and 7, flux ratio has a non-linear behaviour, however, the ratio
remains more than 1 for all energies.

Fig. 4.4 show the zenith angle' dependence of atmospheric v, ,,, v, and 7, fluxes averaged
over all azimuthal angles (¢) and summed over entire energy range F, € [0.1,10000] GeV. Notice-
ably, there are large are large up-down asymmetries in the fluxes. It is the low energy neutrinos that
mostly contribute to this asymmetry. The asymmetry decreases rapidly for £, > 3 GeV and above
that ®,(E,, cosf) ~ ®,(E,, —cosf). Atlow energies, geomagnetic effects result in a deviation
from this equality. At higher energies, any asymmetry in the fluxes of the upward and downward
going neutrinos could be attributed to neutrino oscillations and forms the basis of atmospheric
neutrino analysis.

Fig. 4.5 shows the azimuthal angle dependence of the atmospheric neutrino fluxes, averaged
over zenith angle bins and summed over entire energy range. There is some noticeable East-West
asymmetry and it has a complex dependence on azimuthal angle for even energies beyond 10 GeV.

This is due to the rigidity cut-off and muon bending in the geomagnetic field [21]. We will discuss

Note that the cos @ definition here is opposite to that of ICAL convention as described in Chapter 5.
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these features again while comparing Theni and kamioka fluxes.

As mentioned in the previous section, the calculation of atmospheric neutrino fluxes involve
precise measurement of cosmic ray spectra, energy spectrum of secondary muons produced due
to interaction of cosmic rays with the air nuclei and modelling of several effects such as altitude
dependence of interactions in the atmosphere, the geomagnetic effect on the cosmic ray fluxes and
the subsequently produced secondaries as well as the latitude and longitudinal dependence of air
density profile. Each of these steps introduce an uncertainty in the neutrino flux calculation. We

have included these in the form of following uncertainties in our analysis [60, 65, 147]:
o 20% error on flux normalisation [148],
e 10% error on cross-section normalisation [147],

e 5% uncorrelated error on the zenith angle distribution of atmospheric neutrino fluxes, as-

suming it to be energy independent [60],

e an energy dependent “tilt factor”, which parametrizes possible deviations of the energy de-
pendence of the atmospheric fluxes from the simple power law and has been incorporated
as per the following prescription given in Ref. [60]. Events using the neutrino fluxes are
calculated as per the description in Chapter 5. Two sets of event spectrum are calculated:

using the given atmospheric fluxes ® and another set using the titled ®; fluxes according to

B goita (E) = Bo(E) (EEO)(S ~ @O(E)(1 + &HEEO)’ 4.3)

where £ = 2 GeV and ¢ is 1o systematic error which we have taken to be 5% for our
analysis. The difference between the event rates for the two sets is then included as a tilt error

in our analysis. Similar to previous ICAL analysis? [65], these uncertainties are incorporated

21t should be noted that a detailed study of ICAL systematic uncertainties is under way. For analyses presented in
this thesis, we have assumed that the previous set of systematic uncertainties hold for the new flux as well as the ex-
tended momentum range. Therefore, these numbers would change when a better estimates on systematic uncertainties
are available.
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in our statistical analysis, by parametrizing them in terms of a set of variables called "pulls"

[60].

4.4 Comparison of Theni and Kamioka Fluxes

Previous simulation and physics studies at ICAL have been carried out using atmospheric neutrinos
fluxes calculated for Kamioka site. After Theni fluxes were calculated by Honda et al. [21] and
made available publicly, we have used them in our studies. Therefore, it is essential to make a
comparison between the atmospheric neutrino fluxes calculated for the Theni and Kamioka site.

Fig. 4.6 shows the atmospheric v fluxes, averaged over all directions, as a function of neutrino
energy E, for Kamioka and Theni sites. The qualitative features are the same for both the sites.
However, we find a difference of flux between the sites by factor ~3 at the low energy end which
is due to a large difference of rigidity cut off for these sites. The difference between the fluxes at
two sites decreases with the increase in £, and above 10 GeV it is very small. The fluxes shown
in Fig. 4.6 have been averaged over all seasons. As mentioned earlier, the seasonal variations
for fluxes at a given site is insignificant for Theni. For a mid-latitude site such as Kamioka, the
variations are slightly noticeable but still not large. For high latitude sites such as South Pole and
Pyhasalmi mine, the seasonal variations are rather large (see Figure 4 of Ref. [21] for quantitative
details).

Fig. 4.7 shows the zenith angle dependence of atmospheric v, and v, fluxes averaged over all
azmiuthal angles (¢) and summed over all energy range F, € [0.1,10000] GeV. Larger up-down
asymmetry can be seen in the fluxes at Theni site in comparison to Kamioka site. Noticeably,
the fluxes at the SK site can be seen to be smaller than that of INO site around cosf range -0.4
to -0.8., and where the INO fluxes have a bump structure which can be explained in terms of
rigidity cut off and the muon bending at the places where the neutrinos are produced. There are
large differences in the atmospheric neutrino fluxes from other sites as well (also see Figure 7 of

Ref. [21]). The difference of rigidity cut off at near horizontal directions is primarily responsible

3 Atmospheric neutrino fluxes have been taken from http://www.icrr.u-tokyo.ac.jp/ mhonda/
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for these differences in the fluxes at near horizontal directions. The neutrinos arriving from the
near horizontal geomagnetic East directions are the ones strongly affected by the rigidity cut off.
For the SK site, rigidity cut off at near vertical directions are not significant. However, for the near
horizontal directions at SK site, rigidity cut off affects strongly. This explains the difference of
fluxes between SK site and the polar regions but for explaining the difference between Theni and
Kamioka site, one needs to consider the muon bending as well. It turns out that the suppression for
the v, and 7, is stronger than v, and v, for the Theni site. For understanding this further, we need
to discuss the azimuthal variation of atmospheric neutrinos.

Again, two kinds of effects from the geomagnetic field, the rigidity cut off and the muon
bending, have to be considered while discussing the azimuthal dependence of the atmospheric
neutrino fluxes. Since the cosmic rays generally carry a positive charge, the geomagnetic field
pointed to the North filters the low energy cosmic rays from the East directions. The rigidity cut
off reduces neutrinos of all flavors from the East direction at the same rate whereas the effect of
muon bending depends on the muon charge. Thus, the geomagnetic field and rigidity cut off affects
the 11 in the same fashion. Opposite effect is true for 44~. The muon bending reduces the 7, and
v, fluxes from the East and v, and 7, fluxes from the West which is seen as a dip at 90° and 270°
azimuthal directions for these fluxes (Fig. 4.8), respectively.

The muon bending suppresses the v, and 7, fluxes from the West, but enhances them from the
East. The rigidity cut off, however, affects strong the same fluxes from the East directions, therefore
cancelling the enhancement from the East. Hence the muon bending results in suppression of the v,
and 7, fluxes in Fig. 4.5 and Fig. 4.8. The muon bending affects the 7, and v, fluxes in an opposite
manner i.e., it enhances the fluxes from the West, but suppresses them from the East. However, the
rigidity cut off has a weaker impact for the West directions, and hence the muon bending results
in an enhancement of the 7, and v, in Fig. 4.5 and Fig. 4.8. The same mechanism is applicable
at other at other geographical sites, but in comparison to the the amplitudes of the suppression
and enhancement at Theni site, the effects are smaller, and hence is not clearly observable for the

Kamioka site. Since the geomagnetic field is almost vertical at the poles, we expect almost no
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Figure 4.6: Atmospheric v fluxes, averaged over all directions, as a function of neutrino energy
FE,, for Kamioka and Theni sites. The difference between the fluxes at two sites decreases with the
increase in E,.

azimuthal variation of the atmospheric neutrinos except for the near horizontal directions. The
rigidity cut off works very weakly at the poles, and the muon bending works mainly with the
residual horizontal component of the geomagnetic field (See Ref. [21] for detailed comparison).
Since the total atmospheric neutrino fluxes at Theni are smaller than that at Kamioka site,
we expect a reduction in the total number of muon events calculated with the former fluxes. This,
depending on the physics quantity of interest, could deteriorate or improve the expected sensitivity
at ICAL. For the dark matter searches, since the atmospheric neutrinos act as a background, we

expect an increased in sensitivity.

4.5 Atmospheric neutrinos as a background to indirect detec-
tion

The study of atmospheric neutrinos provides a rich insight into the neutrino physics. Besides

providing neutrinos and antineutrinos in two distinct flavours, they span energies ranging from a
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Figure 4.9: Atmospheric neutrinos act as a severe background to the signal neutrinos coming
from the WIMP annihilation. The background v, fluxes are shown in azure for the E, € [1,25]
GeV. The v, fluxes due to WIMP annihilation in the sun for a 25 GeV WIMP and assuming 100%
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are several orders of magnitude lower than the background neutrino fluxes. The signal and the
background fluxes have been averaged over all directions.
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hundreds of MeV to tens of TeV and beyond. They also provide different baseline (L) and energy
E combinations thereby traversing matter of varying densities. By studying them, ICAL can ex-
plore oscillation parameters and probe signatures of various new physics in the neutrino sector. In
Chapter 9, we describe prospects of detecting non-standard interactions at INO. However, for the
majority of the analysis carried out in this thesis, viz., indirect searches of dark matter, atmospheric
neutrinos pose a severe background and hence have to be suppressed. The atmospheric neutrino
fluxes are several orders of magnitude more than the neutrino fluxes arising due to WIMP anni-
hilation in the sun, the earth or the galactic centre. Fig 4.9 shows the comparison of atmospheric
neutrinos and neutrinos arising out of WIMP annihilation in the sun. These fluxes have been aver-
aged over all directions and shown for v,,. The other flavours and type of neutrinos follow a similar
trend. The signal fluxes are for a 25 GeV WIMP annihilating through 77~ channel, assuming a
100 % branching ratio and a og5p = 10~*cm?.

We can see, however, that the atmospheric neutrinos differ from the signal neutrinos in terms
of spectral shape. The more crucial difference is directionality, which we will discuss in the later
chapters, and using this feature we will suppress the atmospheric neutrino background consid-
erably. We will discuss the case of atmospheric neutrino background suppression in detail in

Chapters 6, 7 and 8.
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Chapter 5

ICAL detector and simulation framework

In this chapter, we describe the ICAL detector and the related simulation framework which has
been employed for the analyses presented in this thesis. The organisation of this chapter is as fol-
lows. In Section 5.1, we briefly discuss the proposed India-based Neutrino Observatory which will
house the ICAL detector. Thereafter, in Section 5.2, we describe the features of ICAL in detail, in-
cluding its detector geometry in Subsection 5.2.1, magnetic field in Subsection 5.2.2, and resistive
plate chambers, which are the building blocks of ICAL, in Subsection 5.2.3. In Section 5.4, we
discuss the ICAL simulation scheme, including the event generation scheme as well as muon track
reconstruction algorithm. Thereafter, in Section 5.5, we describe the ICAL response to muons and
present our results on muon reconstruction and charge identification efficiency, as well as muon
momentum and angle resolution. Finally, in Section 5.6, where we layout the prescription on

incorporating the ICAL detector response to obtain final events for further analysis.

5.1 India-based Neutrino Observatory

India-based Neutrino Observatory (INO) is a proposed underground research facility to be built
in the southern part of India. INO will be located at Bodi West Hills (BWH) near Pottipuram
village in Theni district of Tamil Nadu. The site has been chosen considering the geo-technical

and environmental aspects of the hill and the adjacent area. The facility would comprise one large
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Figure 5.1: The Bodi West Hills (BWH) and the layout of INO facilities. Figure taken from
Ref. [14].

=" 3.6 .cm thick iron plate

T 4 cm air gap for RPC
detector

Figure 5.2: The three modules of ICAL detector. Each module dimension is 16 m (L) x 16 m
(W) x 14.5 m (H). The axis along which the modules will be placed is defined as x-axis in [CAL
coordinate system. The remaining traverse axis is labelled as y-axis. The vertical direction is
labelled as z-axis. Each of the modules contain two vertical slots cut into it so as to enable the
current carrying copper coils to be wound around them. Figure taken from Ref. [14].
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and three small laboratory caverns with rock burden of 1000 m or more from all sides and with
a vertical overburden of approximately 1300 m (Fig. 5.1). Such a rock burden causes reduction
in the cosmic ray muon fluxes significantly and is crucial for the study of neutrino physics in an
underground neutrino laboratory.

The main cavern ("UG-Lab 1") would house ICAL detector whose primary goal is to deter-
mine neutrino mass hierarchy and performing other precision studies with atmospheric neutrinos.
The smaller caverns would house experiments dedicated to neutrinoless double beta decay, direct
detection of dark matter, low energy neutrino spectroscopy, etc. In the next section, we describe

the detector in detail.

5.2 The Iron Calorimeter

5.2.1 The detector geometry

The ICAL' detector will have a modular structure with a total lateral size of 48 m x 16 m, which is
subdivided into three modules having base area of 16 m x 16 m each, with a gap of 20 cm between
the modules. ICAL will have 151 layers of glass resistive plate chambers (RPCs) interspersed with
5.6 cm thick iron plates (Fig. 5.2), making the stack height to be 14.5 m. The vertical spacing
between two iron plates is 4 cm, and the iron sheets have steel structures supporting them at every
2 m, in both z and y directions. The RPC units with dimension 1.84 m x 1.84 m x 2.5 cm are
placed in a grid format between the two iron plates. In order to accommodate the support structures
the RPC units have 16 cm horizontal gap between them. There are vertical slots at * = xg + £4
m (xg is the central x value of each module) extending upto y = +4 m and cutting through all the
layers so as to accommodate the four copper coils that wind around the iron plates. The resultant
magnetic field is in x — y direction. The detector weighs ~ 52 kt, excluding the weight of copper

coils, and 98% of this weight comes from iron and only 2% from the glass RPCs. The steel support

'UG-Lab 1 would accommodate a 50 kt Iron CALorimeter (ICAL) detector and a possible ICAL-II neutrino
detector of equal size. Each 50 kt ICAL would comprise three modules with dimensions of 16 m x 16 m x 14.5 m (L
x W x H), so that the total footprint of both the detectors in that case would be 96 m (L) and 16 m (W).
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ICAL

No. of modules 3
Module dimension 16m x 16 m x 14.5m
Detector dimension 48m X 16 m x 14.5m
No. of layers 151
Iron plate thickness 5.6 cm
Gap for RPC trays 4.0 cm
Magnetic field 1.5 Tesla
RPC

RPC unit dimension 1.84m x 1.84m x 2.5cm
Readout strip width 3cm
No. of RPC units/layers/module 64
Total no. of RPC units 2 30,000
No. of electronic readout channels 3.9 x 108

Table 5.1: ICAL at a glance

structures along with the copper coils form the bulk of the dead spaces of the detector. Table 5.1
shows the detector parameter specifications which have been used in the ICAL simulation.

The ICAL coordinate system defines X -direction to be the direction along which the modules
are placed and the remaining horizontal transverse direction is labelled as Y -direction. As of now,
X 1is also considered to coincide with South, since the final orientation of the INO cavern has
not been decided. The vertically upward direction is labelled as z-axis, and the zenith angle 180°
corresponds to § = 0 in the ICAL convention. The zero of the azimuthal angle ¢ points South.

The origin is taken to be the centre of the second module.

5.2.2 The Magnetic Field

Each of the modules contain two vertical slots cut into it so as to enable the current carrying copper
coils to be wound around them as shown in the Fig. 5.2. The iron plates would be magnetised to
a field strength of about 1.5 T and through simulations it has been estimated that the strength is
more than 1 T over at least 85% of the detector volume. This magnetisation gives ICAL a unique
capability of charge identification for the oppositely charged particles will bend in the opposite
directions in the presence of magnetic field. Particularly, we can distinguish between p* and p~

produced by v, and v, charged current interactions with the iron. With around 14000 iron plates

94



+8m

&2 . e
e T G
Rl = : s
a

E—
] . E CENTRA I REGION
AR
ﬁl‘
il
,éﬁ'
E
D 3

Figure 5.3: Magnetic field map in the central plate of the central module (¢ = 0). The length
and the direction of the arrows indicate the strength and the direction of the field respectively. The
magnitude is also shown in T in the colour palette. This map is generated using the MAGNET6 [15]
software. Figure taken from Ref. [14].
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of 2 m X 4 m area and 5.6 cm thickness, ICAL will be one of the world’s largest electromagnet.
The simulation of the magnetic field is done by the collaboration (see Ref. [149] for details)
using MAGNET®6.26 software [15]. In Fig. 5.4, the magnetic field lines in the central iron plate
near the centre of the second module is shown. The arrow direction and length (as well as the
shading) indicate the magnetic field direction and the magnitude, respectively. The maximum
magnitude of the magnetic field is about 1.5 T. The field direction can be seen to reverse direction
on the two sides of the coil slots (beyond xy & 4 m) in the x direction. In the ‘central region’ of
the detector, which is the 8 m x 8 m square area between the coil slots and in the x — y plane,
the field can be seen to be almost uniform in both magnitude (~ 10%) and direction. In the ‘side’
region, the region bounded as 4 m < |zl < 8 m, the magnetic field is nearly uniform but in opposite
direction to that of the central region. In the ‘peripheral region’, the region in the 4 m < Iyl < 8
m range, there is considerable variation in the magnitude and the direction of the magnetic field.
However, the simulation results included in this thesis, assume the magnetic field to be uniform
over the entire thickness of the iron plates at its each (x, i) position and has been generated for the
centre of the iron plate, viz., at z = 0. In the 4 cm air gap between the iron plates, the field is taken
to be zero since it falls off drastically to several hundreds gauss in these regions in comparison to
more than 1 T field strength inside the plates. The magnetic field for the steel support structures has
also been taken to be zero as they are non-magnetic in nature. Since the magnetic field strength in
the side and peripheral regions are either non-uniform or lower in magnitude and are also marred
by edge effects, we restrict our simulation to the central region of the detector (—4 m < x — xy <
4 m and —4 m < y < 4 m), although the particles generated can subsequently travel outside this
region and exit the detector. In our analysis, we have restricted the vertex position of the muons
to be z < 4 m. It should be noted that this choice (restricting ourselves to the central region),
reduces the ICAL fiducial volume to be significantly less than 50 kt. However, for the analyses
presented in this thesis, we will assume 50 kt of ICAL fiducial volume, therefore, for 10 years
of ICAL running, the total exposure is 500 kt-years. Restricting the Geant4 simulation to the

central volume of the ICAL detector where magnetic field is uniform, considerably simplifies the
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Figure 5.4: Schematic representation of an RPC. Figures taken from Ref. [14]

computation of ICAL’s muon response. For the results presented in this thesis, an exposure of
500 kt-years have been assumed which can be achieved by increasing the exposure time suitably
to compensate for smaller fiducial volume. Inclusion of the side and peripheral regions in the the
simulation of ICAL detector demands careful consideration of magnetic field fringe effects. Such
dedicated studies have been done by the other members of the collaboration [150]. Inclusion of
simulations from side and peripheral regions would result in worsening the results, as efficiency in

the side and peripheral regions are lower than that of central region.

5.2.3 Resistive Plate Chambers

RPC constitutes the active detector element and is made up of sealing two 3 mm thick glass sheets,
with a gap of 2 mm between them using plastic edges and spacers. The glass sheets act as a high
resistive electrodes and their outer surfaces are coated with a semi-resistive paint in order to apply
high voltage electric field across the gas gap. Fig. 5.4 gives a schematic representation of an RPC.
The RPCs will be kept in the gaps between the iron layers and will be operated in an avalanche
mode at a high voltage of 10 kV. The gap in an RPC is filled with a gas mixture of Freon-R134A,
isobutane, and trace amounts of SFgz gas which flows continually through them. This particular
gas mixture was chosen based on the optimisation studies done on glass RPCs being developed
for ICAL detector. For operating the RPC detectors in avalanche mode, the optimised gas mixture

comprises CoHoFy (1,1,1,2-Tetrafluoroethane and also known as R134A) 95.2% 4.5% Iso-butane
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and 0.3% SFs. Freon-R134A controls the avalanche development in the glass gaps, is slightly
electronegative, and serves as the medium for the interaction of incident radiation. Ionisation of the
gaseous mixture (predominantly Freon) creates signal ions and electrons. These could recombine
and produce UV photons which could then cause spurious pulses elsewhere in the detector. Iso-
butane can absorb and convert the energy of photons into vibration states. Since Isobutane is a
highly inflammable gas, its proportion is the gas mixture is kept below its inflammability limit.
SFg is a strongly electronegative gas and acts as a quenching medium and reduces the formation
of streamers thereby ensuring that the detector remains in avalanche mode of operation. When a
charge particles passes through this gaseous mixture, it causes an ionisation and leaves a detectable
signal. The gaseous mixture has been optimised so as to keep the signal localised and this location
is used to determine the trajectory of the charged particle in the detector. The signal from RPC is
collected using pick-up panels made up of copper sheets and foam. A charged particles induces
a signal in the 150 micron thick copper sheet which is pasted on the inside on the 5 mm thick
foam placed above and below the glass chambers. The foam provides the structural strength and
electrical insulation to the RPC units. The copper sheet faces the glass RPC and there are a few
layers of mylar sheet between the glass and the copper sheet which is scratched through to create
strips of width 1.96 cm. The two copper sheets are places in such a way that their pick-up strips
are orthogonal to each other and picks up the = and y location of the charged particle as it traverses
the RPC, while the z information is provided by the RPC layer number. The time resolution of ~
1 ns gives ICAL the capability to distinguish between the upward and downward going particles.
Noting down the hit pattern of the charged particles in the RPCs, one could reconstruct the energy

as well as the direction of these particles. See Ref. [151] for more details.
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Figure 5.5: NC and CC events.

5.3 [Event generation at ICAL

5.3.1 Neutrino interactions and event generation

The neutrino and antineutrino interactions at ICAL detector are simulated using NUANCE ver-
sion 3.5 [152] and GENIE version 2.8 [153] event generators. Neutrinos interact weakly with
other particles and typical cross section for neutrino interactions is around 6 orders of magnitude
smaller than the electromagnetic interactions. In weak interactions, the W= and Z° bosons are
interchanged between quarks and leptons. Depending on the boson exchanged during the process,

the neutrino interactions could be of the following two types :

e Neutral current (NC) interactions : In this process, Z° is exchanged as shown in Fig. 5.5a.
The reaction is of the type

v+ N—=uy+N+..,
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where N is a nucleon and N’ is the final state nucleon with a modified momentum.

e Charged current (CC) interactions : Here, W= boson is exchanged and the Feynman

diagram is shown in Fig. 5.5b. The reaction involved in this interaction is:

y+N—=I+N+..,

where [ is a charged lepton of the same flavour as the incident neutrino.

For the work presented in this thesis, the neutrino energies considered are between 1-100 GeV. For

this energy range, the following types of NC and CC interactions can take place in the detector :

1. quasi-elastic scattering (QE) for both charged and neutral current neutrino interactions with

nucleons, and dominate for sub-GeV neutrino energies,

2. resonant processes (RES) with baryon resonance production for neutrinos between 1-2 GeV

energy range,

3. deep inelastic scattering (DIS) processes, with considerable momentum (squared) transfer
from the neutrino to the target nuclei, is a dominant mode of scattering in the multi-GeV

region.

Enumerated above are the main processes of interest for ICAL detector. In CC neutrino interac-
tions, we have charged leptons in the final state corresponding to the neutrinos in the initial state. In
DIS events, usually in addition to the charged lepton and the recoil nucleon in the final state, there
could be other particles, mostly pions, produced along with. Resonance interactions produce at
most one pion along with the charged lepton. Among the charged leptons produced, electrons (as-
sociated with electron neutrino) are get absorbed in the thick iron plates, whereas, tau (associated

with the tau neutrino® which are produced due to oscillation from other neutrino flavours) decays

’The neutrino fluxes due to WIMP annihilation will have strength similar to the muon neutrinos. Tau decay into
muons with a branching ratio of ~ 17% and hence including this will improve the expected sensitivity of ICAL for
indirect detection. However, we do not include tau events for the work presented in this thesis.
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Figure 5.6: Sample track of a neutrino event with a muon track and hadron shower in the ICAL
detector, where z = 0 indicates the central layer of the detector. Figure taken from Ref. [14].
to muon because of its short life time. Therefore, only muon (associated with muon neutrino)
leaves a clean signature in the form of a track in the ICAL detector. ICAL, being magnetised, can
distinguish between muons of opposite charges by bending them in opposite directions. Hadrons
interacts via strong force and shower instead of tracks and require special techniques [154] for
their momentum reconstruction. Fig. 5.6 shows a typical neutrino CC interaction producing an
even with a clean muon track and the associated diffused hadron shower. NC processes are usually
difficult to reconstruct as the energy of the final state is mostly contained in the neutrino which is
unobservable directly. In order to reconstruct the properties of the incoming neutrino, one mea-
sures and reconstructs the momentum and direction of the outgoing muon and from which we
reconstruct the momentum and direction of parent neutrino. Adding the information on hadron
energy improves the ability of the experiment to reconstruct the energy of the incoming neutrino.
Inclusion of hadron events improves the mass hierarchy sensitivity of the experiment as shown in
Ref. [154]. However, for the results presented in this thesis, we have performed analyses in terms
of muons only.

Both NUANCE and GENIE neutrino event generators have been suitably modified by the
INO collaboration. NUANCE contains a simple ICAL geometry, mainly the iron and glass compo-

nents of the detector. GENIE on the other hand has been provided with a detailed ICAL geometry
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comprising 151 layers of glass RPCs, interspersed iron plates, the gaseous mixture and also the
plastic components. We have used GENIE for the work on the indirect detection of dark matter
presented in Chapters 6, 7 and 8, whereas for the analysis presented in Chapter 9 we have used
NUANCE.

The neutrino event generators calculate event rates by integrating different cross sections
weighted by the fluxes for all the charged current (CC) and neutral current (NC) channels at each

neutrino energy and angle.

5.3.2 Event Reweighting

The event generation in both the cases have been done for 1000 years of ICAL running so as to
reduce the Monte-Carlo fluctuations and then scaled down to 10 years at the stage of data analysis.
Running neutrino event generators for such large event sample takes a very long time. Running
events for different set of oscillation parameters is extremely time consuming and practically im-
possible. Therefore, we generate events with both the generators for the case of no oscillation
and thereafter apply a reweighting algorithm which gives final event sample for a given set of
oscillation parameters. The reweighting algorithm works through the following scheme:

A v, event generated with the neutrino event generator is characterised by true energy and true
zenith angle for both the muon and the neutrino associated to that event. For each neutrino, with a
given true energy and zenith angle, survival oscillation probabilities P, and transition oscillation
probability P, are calculated numerically for a specified set of oscillation parameters. Thereafter,
a random number R is generated between 0 — 1 and if R < P, the event is classified to be a

veevent. If R > P, , + D, then it is classified to be a v, event. The case P,,,, > R <

p,l/e’
P, . + P, signifies that the event has occurred due to v, which has survived. We select such
events and use it in our analysis. Such event selection of a statistically large number of event sample
yields v, survived sample which follows the v, survival probability to a high precision. Muon

events can also arise due to oscillation of v, into v,,. To calculate such events, we generate events

at ICAL with v, fluxes but using v, CC interaction cross sections. In order to get the oscillated
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events from this sample, we generate another random number S and use a similar scheme as above.
If S < P,,,,, then this event is selected as an “oscillated” v, event. The total v, events at ICAL is
the sum total of “survived” and “oscillated” events. Reweighting exercise is similarly applied on

v, events producing /1.

5.4 ICAL Simulation Framework

In this section, we describe the ICAL simulation scheme based on Geant4 framework. Fig 5.7
shows the INO simulation and analysis flowchart. We discussed neutrino event generation in the
previous section. We will discuss event simulation, digitisation and reconstructed, as incorporated

in the ICAL code, in the following subsections.

5.4.1 Event simulation and digitisation

Neutrino interactions within the detector material produces muons and hadrons. The propaga-
tion of such particles through the detector volume is simulated using an ICAL code based on
Geant4.9.4.p02 [2] framework. The ICAL geometry is provided in form of machine readable gdml
files and it includes details of the RPC detector components, the support structure and the gas
composition described above. For Geant4 simulations, the pick-up strips are considered as a con-
tinuous material, however for signal digitization the strips are considered independently. A charged
particle like a muon passing through an RPC produces a signal in the pick up strips whereby they
are assigned appropriate = or y values. Also, depending on the RPC layer, z value is assigned and
also a time stamp ¢. The threshold energy for a charged particle to produced an electron-ion pair
in the RPC gap is taken to be 30 eV with an average efficiency of 95%. Digitisation is the process
that translates the global coordinates of the signals into information of the X"z strip and the Yy
strip at the Z*" plane. These digitised signals along with the timestamp are called “hits”.

In the horizontal plane, the spatial resolution is of the order of 0.6 cm because of the strip

width. In the vertical plane (z direction) the resolution is of the order of 1 mm due to the gas gap

103



(NEUTRINO EVENT GENER-)
ATION [GENIE/NUANCE]
v; + N — I + X
Generates particles that result
from a random interaction of
a neutrino with matter using

theoretical models for both neu-

S trino fluxes and cross-sections. )

Y

EVENT SIMULA-
TION [GEANTA4]
!l + X through simulated ICAL

Simulates propagation of parti-
cles through the ICAL detector

with RPCs and magnetic field.

Y

EVENT DIGITISATION
(X, Y, Z, T) of final
states on including noise
and detector efficieny
Add detector efficiency
and noise to the hits.

A

(E, p) of I, X (total hadrons)
Fit the muon tracks using
Kalman filter techniques to

reconstruct muon energy
and momentum; use hits
in hadron shower to recon-
struct hadron information

(EVENT RECONSTRUCTION )

(i) Reaction Channel
(ii) Vertex and time information
(iii) Energy and momentum
of all final state particles

Y

_»{
(i) %, y, z, t of the particles as
>

_OEtBu_t they propagate through detector

(ii) Energy deposited
(iii) Momentum information

T of the previous stage

(i) Energy and momentum
of muons and hadrons, for
use in physics analyses.

Output (i) Digitised output }

J

-

Figure 5.7: The INO simulation and analysis framework.
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between the glass plates in the RPCs. X and Y strip informations are independent and all the

possible pair of X and Y hits in a plane are combined to form a cluster.

5.4.2 Event reconstruction

Muons, being minimum ionising particle leave a long clean track while traversing through the
detector. As muons propagate through layers, the magnetic field causes it to bend and the muon
momentum can be determined from the curvature of its trajectory by measuring its path length.
The time resolution of RPCs is of the order of a nanosecond and that allows ICAL to distinguish
between the upgoing and down going muons. ICAL detector is well suited to muon detection and
reconstruction of its properties. Hadrons, however, are difficult to be reconstructed individually
since the response of the detector to different hadrons is rather similar. In principle, only an aver-
aged information on the energy and direction of the hadrons can be reconstructed. Also, hadrons
due to their interaction nature travel relatively shorter distances in the detector. In this thesis, our
focus is on muons. To reconstruct the muon momentum ICAL code uses a track finding algorithm
which is followed by a track fitting algorithm that reconstructs both the momentum and charge of
the muon using the local magnetic field.

Track finder

This algorithm takes clusters which are the combinations of all possible pairs of nearby X and
Y hits in a Z-plane. A ’tracklet’ is defined as a set of clusters generated in three successive layers.
The track fitting algorithm resorts to simple curve fitting to look for possible tracklets by searching
for clusters in three adjacent planes. Due to inefficiency of a particular plane, there could be no
hit in that layer and in that case, the track finding algorithm expands it search to next adjoining
planes. A typical neutrino CC events consists of a long muon track and a hadron shower near the
vertex. Muons leave only 1-2 hits per layer whereas hadrons leave several hits per layer and hence
hadron shower separation involves use of the average number of hits per layer in a given event. The
algorithm tends to match the end of tracklets to form longer tracks and find the longest possible

track through several iterations. The track finding algorithm thus forms muon tracks as an array
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of three dimensional clusters. In cases where there are more than two tracks, the longest track is
taken to be the muon track. The averaged over X and Y timings in a plane is over to determine the
direction (up/down) of the track. Muon tracks which have at least 5 hits in the event are chosen and
the clusters in the layer are averaged to one single hit per layer and the corresponding coordinate
and timing information is forwarded to track fitter for further analysis. This criterion translates to
minimum momentum of 0.4 GeV/c for a nearly vertical muon, below which no track is fitted.

Track fitter

The track fitter is a Kalman-filter based algorithm and is used to fit the tracks based on the
curvature of tracks due to the effect of magnetic field. For each track, we take an identifying
starting vector X = (X,Y,dX/dZ,dY/dZ, q/p) which contains the coordinate information of
the first hit (X, Y, Z) as recorded by the track finder, with the charge-weighted inverse momentum
q/p taken to be 0. As the curvature of tracks is negligible in the starting section, the initial direction
of the track i.e. the slopes of dX/dZ,ddY /dZ is determined from the first two layers. Using the
standard Kalman-filter algorithm, this initial state vector is extrapolated to the next layer. This
involves calculation of Kalman gain matrix by making use of the information of the local magnetic
field, geometry, composition of the matter through which the particle propagates and the observed
cluster position in that layer. In ICAL code, the state prediction is based on the Kalman filter
algorithm and the corresponding error propagation is carried out by a propagator matrix [155].
The state extrapolation takes care of process noise due to multiple scattering [156], energy loss in
matter, mostly in iron, and in accordance to the Bethe formula [157]. The extrapolated point is then
compared to the actual hit position, if any, registered by that layer and then this process undergoes
iteration. This iteration also obtains the best fit to the track. Thereafter, the extrapolated track is
extrapolated backwards to another half-layer of iron since the interaction would have most likely
taken in the iron. This step is needed to determine the vertex of the neutrino interaction and the
best fit value of the muon momentum at the vertex is returned as the reconstructed momentum both
in terms of energy and direction. The condition x?/ndf < 10 for the fits is imposed to qualify as a

properly fitted track which are then accepted for analysis. The magnitude of the muon momentum
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at the interaction vertex is determined by ¢/p and the direction is reconstructed using dX /dZ and
dY/dZ which yield the zenith (f) and the azimuthal (®) angles of the track. The next section

describes in detail the response of ICAL detector to muons.

5.5 ICAL response to muons

The detector efficiencies and resolution functions are needed to simulate the signal and back-
ground events in terms of muon reconstructed energy and muon zenith angle. To obtain the ICAL
response to muons, simulation of muon events was done on Geant4 framework and the simulated
events were then further analysed with ROOT [158] based C++ code. The study of the detec-
tor resolutions and efficiencies closely follows the simulation procedure carried out previously by
the collaboration [78]. However, the earlier simulation was done for muon energies of up to 20
GeV. In this work we extend the range of muon energy £, beyond 20 GeV upto 100 GeV. In our
convention, the cosine of the zenith® angle cos = 1 represents an upward going muon, whereas
cos § = —1 indicates a downward going muon. We take 37 E, bins of variable bin-width between
1 and 100 GeV, finer bins for low energies and coarser for high energies, and 20 cos ¢ bins. 10,000
muon events are generated for a fixed E,, and cos 6, separately for u* and ~. The vertices of
these events were smeared over the central region (as defined in [78]) of ICAL. In each case, the

azimuthal angle (¢) was uniformly averaged over the range —7 < ¢ < 7.

5.5.1 Reconstruction efficiency

Reconstruction efficiency (e,..) for each p(E,, cos ©) event is given by the ratio of total number
of events properly reconstructed (7,..) and total number of events generated in the central region
of the detector (9;pzq1) 1.€. Epec = ﬁ Fig. 5.8 shows the reconstruction efficiencies of the muon

events as a function of E,, for various cos  values. The left and right figures are for 1~ and p™,

respectively. We can see from the figure how the reconstruction efficiency depends on the true

3In many places in the literature this is indeed referred to as the nadir angle, and rightly so. However, we will
continue to following the convention adopted in all previous the INO simulation papers.
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Figure 5.8: LEFT: Reconstruction Efficiency for ;1= at [CAL. RIGHT: Reconstruction efficiency
for u* at ICAL

energy and true zenith angle of the muon. The efficiency is seen to initially rise with muon energy,
reach a peak at about £/, ~ 10 GeV, after which it is seen to fall, albeit extremely slowly. The
reconstruction efficiency increases for all cos #, with an increase of muon momentum from 1 GeV.
This is due to the fact that the number of hits increase as the particle crosses more layers. For
the slanting angles, there are fewer hits and hence the efficiency at a given momentum is expected
to be better for larger values of cosf and the same trend can be seen from Fig. 5.8. However,
there is a slight worsening of the efficiency for all angles beyond 10 GeV which is seen as a slow
fall in Fig. 5.8. This is due to the selection criterion chosen which dictates that the event should
reconstruct exactly one track. At larger muon momenta and large angles, there is a possibility that
two portions of a track on either side of a dead space (such as a support structure) are reconstructed
as two separate tracks. The reconstruction code is being improved to retrieve such events [155].
With a correct reconstruction, we expect that the efficiency would saturate rather than fall off at

high muon momenta.

5.5.2 Charge Identification efficiency

Charge identification efficiency (¢¢;p) 1s defined as the ratio of the events with correctly identified

charges(ncrp) to the total reconstructed (7),..) events: ec;p = 22, Fig. 5.9 shows the CID
reconstruction efficiencies of the muon events as a function of £, for various cos .. Again, the

left and right figures are for 1~ and p' respectively. The charge identification efficiency is seen
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Figure 5.9: LEFT: Charge identification reconstruction efficiency for ;41— at ICAL RIGHT: Charge
identification reconstruction efficiency for u* at ICAL

increase until £, ~ 20 GeV and thereafter fall. The dependence on the muon zenith angle is again
seen to be complicated. Fig. 5.9 reveals that in the energy region of our interest, i.e., £, = (1—100)

GeV, the charge identification efficiency in ICAL is better than 96% for all muon zenith angles.

5.5.3 Muon momentum resolution

In order to obtain the muon energy resolutions, the reconstructed momentum distributions for
p~ (and pt) are plotted as a function of £, for a given true £, and true muon cos ¢ value, and
then fitted with a Gaussian function to get the o of the distribution. We define the muon energy
resolution (o) in terms of width o of the distribution of the reconstructed energy as o = 0%,/ E,,,
where E), is the true muon energy.

The left panels of Fig. 5.11, Fig. 5.12 and Fig. 5.13 show the reconstructed momentum dis-
tribution for true muon cos @ = 0.65 and true muon energy £, = 1, 10 and 100 GeV, respectively.
One can clearly see an asymmetric tail in each of these cases. Also, the tail is more pronounced
for energies 1 GeV and 100 GeV than 10 GeV case. The distributions in these figures are fitted
with two functions - Gaussian probability distribution function and a convolution of Gaussian and
Landau probability distribution functions. The fitting by the convolution of Gaussian and Landau
function (shown in blue) is seen to be better in terms of x2/ndf than fitting the distribution using
a pure Gaussian function (shown in red). In the previous studies done by the collaboration [78],

the fitting was the convolution of Gaussian and Landau probability distributions for low true mo-
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mentum muon events i.e. [, < 2 GeV and for higher true momentum muon events fitting was
done with a pure Gaussian function. However, in this work, for the sake of simplicity, the fitting
has been done with pure Gaussian functions only for the entire range 1-100 GeV. We do not expect
any significant loss in sensitivity due to this simplifying assumption.

It should be noted that the response of the ICAL detector has been averaged over the entire
azimuth. This is done for the sake of simplicity. However, for a same zenith angle, cos #, muons
with different azimuthal angles have different response. The ¢ dependence of the muons is a
cumulative consequence of the following: the coil gaps (that are located at + = xy £ 400 cm
where x is the centre of each module in the x direction); the support structures (which differ in
dimensions in the x and y directions); and the orientation of the magnetic field.

To understand the ¢ dependence of muons, let us consider a muon initially directed along
the y-axis will experience less bending since its momentum component is in the plane of the iron
plates (hence-after referred to as in-plane momentum) is parallel to the magnetic field as can be
seen from Fig. 5.6. Further, an upward-going 4 in the negative (positive) z direction experiences
a force in the positive (negative) z direction. For p~ the direction of forces will be opposite. This
implies that, for the same energy and zenith angles, the muons with ¢ > 7/2 traverse more layers
than muons with ¢ < 7/2 and hence are better reconstructed. This is illustrated in Fig. 5.10
which shows the case of two muons (u1), having same energy and zenith angle, injected at the
origin along two different azimuth angles. The two muons bends differently, thereby traversing
different number of layers and even though they have roughly the same path length, they would
exhibit different detector response. This suggests that the momentum resolution is best studied
in different azimuthal angle bins as done in Ref. [78] where it has been shown that the fits to the
distributions vastly improve in terms of x?/ndf. However, taking a simpler approach, in this work
while calculating the detector response to muons, we combine events from all azimuthal bins.

The left panel of Fig. 5.14 shows the reconstructed momentum distribution for ;= for true
muon F, = 25 GeV and true muon cosf = 0.85. The fitted value of oy can be read off from

the figure. This process is repeated for all values of the true muon energy and true muon zenith
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Figure 5.10: Schematic showing tracks for two muons (") in the x — z plane for the same
values of incident muon energy and muon zenith angle, but with ¢ < 7/2 (shown in red and has
a momentum component in the positive x direction) and other with ¢ > 7 /2 (shown in green and
has a momentum component in the negative = direction). The difference in bending causes the
muons to traverse different layers will results in difference in their track reconstruction accuracy,
thereby resulting in a ¢ dependence of muon response to the detector.

angle. The left panel of Fig. 5.15 shows the RMS width (which is FWHM/2.35) obtained using
Gaussian probability distribution o7; for 11~ as a function of true muon energy £, and for the full
set of values of cos 6, while the right panel shows the corresponding plots for ;. Similarly, the
left panel of Fig. 5.16 shows the o for a ;1 as a function of true muon energy £, and for the full
set of values of cos #, while the right panel shows the corresponding plots for z+.

From the Fig. 5.16, it can be seen that initially (upto about 6 GeV), the resolution improves
with increasing the muon energy. This holds true for all the zenith angles. This is due to the fol-
lowing reason. Starting with small muon energies, with the increase in muon energy, the muons
traverse more number of RPC layers, thereby increasing the number of layers and hits. Addition-
ally, the magnetic field bends the tracks appreciably resulting in increase in accuracy of momentum
reconstruction leading to an improvement in energy resolution. However, as the particle momen-
tum is increased further, it begins to exit the detector, so that only a partial track is contained in the
detector. This consists of relatively straight sections since the radius of curvature increases with
momentum, resulting in a poorer fit. This results in worsening of the muon energy resolution with
the increase in the input energy. It also seen that the resolution is relatively poor for the muon

tracks with smaller cos  than the ones with larger cos # for the entire energy considered. This is
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Figure 5.11: LEFT: Reconstructed momentum distribution for ;~ at ICAL. RIGHT: Recon-
structed cosine of zenith angle distribution for 1~ at ICAL. Both the distributions are for p~ with
true /£, = 1 GeV and cos 8 = 0.65.

due to the fact that horizontal muon tracks will have less number of hits in the RPCs than at more
vertical angles. This is a consequence of the detector geometry and hence ICAL is not so sensitive

to very horizontal muons.

5.5.4 Muon zenith angle resolution

To obtain the muon zenith angle resolution we use a similar procedure. The right panel of Fig. 5.17
shows the reconstructed zenith angle distribution for 1~ for true muon £, = 25 GeV and true muon
cos # = 0.85. The width of the distribution gives o..s¢ Which is extracted from the fit and the steps
repeated for all values of true muon energy and true muon zenith angle to get the full table. The
left panel of Fig. 5.17 shows the 0.4 for ;1= as a function of true muon energy £, and for the full

set of values of cos #, while the right panel shows the corresponding plots for ;.
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Figure 5.12: LEFT: Reconstructed momentum distribution for = at ICAL. RIGHT: Recon-
structed cosine of zenith angle distribution for 1~ at ICAL. Both the distributions are for p~ with
true £, = 10 GeV and cos § = 0.65.
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Figure 5.13: LEFT: Reconstructed momentum distribution for ;= at ICAL. RIGHT: Recon-
structed cosine of zenith angle distribution for 1~ at ICAL. Both the distributions are for p~ with
true £, = 100 GeV and cos ¢ = 0.65.
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Figure 5.17: LEFT: cos 6 resolution for 1z~ at ICAL. RIGHT: cos 6 resolution for x4+ at ICAL

5.6 Folding events with detector efficiency and resolution func-
tions

The raw events, i.e., the events from the generator stage®, are then folded with detector energy
and angle resolutions, as well as, reconstruction and charge identification efficiencies to get the
final events. These muons are binned in reconstructed energy and zenith angle bins. The results
in Section 5.5 show that the energy and the angle resolutions for the muons are functions of both
muon energy and muon zenith angle. Same is true for the charge identification efficiency and
reconstruction efficiency. The detector efficiencies obtained as such and shown in Figs. 5.8 and 5.9

are then implemented onto the signal and background events as follows:

N,L/]th == Nz Z KZk(E;)M]l(COS @lT) (5lekmkl(u_) —|— gkzl(l — C_kl)nkl(f)) (51)
k l

where the indices 7 and j denote the measured energy and zenith angle bin of the muon, N is the
normalisation corresponding to a specific exposure in ICAL, E% and cos ©) are the true (kinetic)
energy and true zenith angle of the muon, where the indices k and [ denote the true energy and true
zenith angle bin of the muon. The quantities ny (1) and ng (™) are the number of = and p*

events in the k' true energy and [*" true zenith angle bin, respectively. The quantities ;; and &

“These include the events after applying reweighting algorithm or background suppression scheme, whichever is
applicable to the data set.
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are the reconstruction efficiencies of 1~ and p* respectively for the k" energy and the ['* zenith
angle bin. Cj; and Cy; are the corresponding charge identification quantities.
The muon energy and angle smearing are then implemented by folding in the Gaussian reso-

lution functions K and M Jl in Eq. (5.1). These are given as,

By 1 EY — E)?
KF = dE exp (—%) , (5.2)
EL V2mog 20

cos © H;

1 Ok — cos ©)?
M]l-(cos oh) :/ d(cos ©) —————exp (—(COS T 5 cos6) ) ,
cos GLJ. \% 27TUCOS@ 20—(305(—)

where F and cos © are the measured (kinetic) energy and zenith angle of the muon and the values

(5.3)

of o and 0., are given in Figs. 5.16 and 5.17, respectively. Similar expressions can be written

for the ™ events. The folded events are then used for further analysis.
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Chapter 6

Searches for DM annihilations in the sun

We calculated neutrino fluxes at ICAL due to annihilation in the sun in Section 3.1. In this chapter,
we present prospects of detecting neutrinos at [CAL due to WIMP annihilation in the sun. The
neutrinos produced due to WIMP annihilation deep inside the sun, will undergo oscillations, inter-
actions and regeneration as they propagate out of the core. These signal neutrinos, on reaching the
detector, interact with the medium and produce corresponding charged leptons.

We carry out a detailed background suppression study in order to reduce the atmospheric
neutrino background, which pose a serious background to indirect detection of WIMPs. The other
source of neutrinos such as solar neutrinos and terrestrial neutrinos are in MeV range and hence
easily distinguishable. There is another source of background where high energy neutrinos are
produced in reactions when cosmic rays hit the solar corona. However, this background is of order
of a few neutrino events per year [159], and we ignore them for our present analysis. We consider
WIMP masses in the range from 3 GeV to 100 GeV and for several annihilation channels, assuming
100 % branching ratio for each. We perform a x? analysis and present exclusion C.L. contours in
the WIMP mass - WIMP-nucleon scattering cross-section plane.

The chapter is organised as follows. In Section 6.1, we describe the atmospheric background
suppression scheme. We also present the expected event spectrum at [CAL, due to WIMP annihila-
tion through several channel, along with the suppressed atmospheric neutrino background for each

case. In Section 6.2, we describe our statistical analysis. We present our main results in Section 6.3
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Figure 6.1: The p~ event distribution at ICAL due to atmospheric neutrino background for 500
kt-years of ICAL exposure. ICAL has zero efficiency for horizontal tracks which is reflected in the
bins around cos § = 0. Note that cos § = 1 represents upward going muons in ICAL convention.

and finally conclude in Section 6.4.

6.1 Atmospheric neutrino background suppression

Using the atmospheric neutrino fluxes for Theni site as shown in Chapter 4 and the event generation
prescription from Chapter 5, we generate the expected event spectrum at ICAL. Fig. 6.1 shows the
reconstructed o~ event distribution due to atmospheric neutrino background. These neutrinos have
energies similar to those of neutrinos from WIMP annihilation for WIMP masses 3-100 GeV and
hence atmospheric neutrino events are indistinguishable from indirect detection events in ICAL.
However, there are two features in which the signal neutrinos are different from the atmospheric
neutrinos. Firstly, the signal flux, as we had seen in Section 3.1, has an energy dependence that
is quite different from the energy dependence of the atmospheric neutrinos which falls sharply as
~ E27. Therefore, an analysis binned in energy should be able to discriminate between the two
kinds of events. More importantly, unlike the neutrinos from WIMP annihilation which come from

the direction of the sun, the atmospheric neutrinos have a distribution over all zenith and azimuth
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Figure 6.2: The cone regions where signal from the WIMP annihilations are expected for the sun.

angular bins. We can exploit this feature for an effective background suppression. In what follows,
we will describe in detail our cone-cut analysis method for suppressing the atmospheric neutrino

background.

Since our signal comes only from the sun while the atmospheric neutrino comes from all
sides, we accept events only from the direction of the sun. The signal neutrinos will be coming
from the direction of the sun and the associated scattered lepton produced at the detector (muon
in our case) will make an angle (6,,,) with the parent neutrino. The angle ,, depends only on the
energy of the parent neutrino and the detector medium. Due to finite detector resolution there will
be smearing effects and the reconstructed muon direction will be slightly different compared the
true direction. However, since muon angle resolution is rather good for ICAL (cf. Section 5.5), we
do not apply detector angular resolutions at this stage of background suppression for simplicity.

That is to say, we calculate 6, using the generator level information i.e., using the true direction of
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neutrino and the corresponding muon rather than using true direction of neutrino and reconstructed

muon direction.

We define cone angle 6y, as the half angle of the cone that contains 90 % of the signal muons,
the axis of the cone being in the direction of the parent neutrino. The cartoon showing our geo-
metrical cone-cut criteria is given in Fig. 6.2. The higher energy neutrinos will have a narrower
cone opening while lower energy ones will have a broader fyy. Since the neutrino energy is de-
termined by the mass of the annihilating WIMP, we expect the neutrino flux from annihilation
of heavier WIMP to produce more muons peaked along the direction of the sun and hence have
narrower cone angle g, than neutrino flux produced by lighter WIMP. For the same reason, 6y
for the 777~ channel is expected to be smaller than 6y, for the bb channel. Likewise, among the
channels considered, we expect the largest and smallest value of 0y, for gg and v ! respectively.
Using WIMPSIM and GENIE, we calculate 8y, for each WIMP mass and for a given annihilation
channel in the sun. Fig. 6.3 shows the g, calculated for the sun as a function of the WIMP mass
(m,). The different lines correspond to different annihilation channels. For each WIMP mass and
annihilation channel, we place Ay, cone around the neutrino direction and accept events that fall
within this cone. As expected the cone-cut angle g, is smaller for the 777~ channel compared to
the bb channel since the former is harder compared to the latter. The g for the antineutrinos is
seen to be smaller since for the same energy, the ;1™ events from antineutrinos are seen to be more

forward peaked compared to the 1~ events coming from neutrinos.

After having applied the cone cut to each of the atmospheric neutrino background events,
we have to assure that the events are indeed coming from the direction of the sun. For the case
of WIMP annihilation in the sun, the direction of the signal neutrinos is same as the direction of

the sun. Since we are using a Monte-Carlo generated data for our analysis, we assign a weight to

IThe fluxes, the cone-cut angles and hence the expected sensitivities due to vev,, v, V,,andv, U, are almost identi-
cal. Throughout this chapter, unless otherwise specified by a subscript, we have taken v/, as the representative of all
neutrino flavours and indicated by vv.
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(RIGHT) as a function of the WIMP mass m,,.
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been obtained through SLALIB routine of WIMPSIM.
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the angular suppression corresponding to a 100 GeV WIMP. cos = 1 represents upward going
muons. The plot is for 10 years of ICAL running.

each of the background events, where the weight corresponds to the probability that a particular
event has originated from the direction of the sun. We call the probability of the sun exposing a
particular zenith and azimuth, for a given latitude and longitude at the earth, as the solar exposure
probability. We calculate this using WIMPSIM which uses SLALIB [160] routines. Fig. 6.4 shows
the solar exposure probability for the location of INO. The neutrino fluxes arising due to WIMP
annihilations in the sun necessarily follow the same angular distribution. The events accepted after
this step are the final background events which are shown in Fig. 6.5. The reduced background has
been shown for a the cone-cut angle y, corresponding to a 100 GeV WIMP and the 77~ channel.

To compare our WIMP indirect detection signal with the reduced atmospheric neutrino back-
ground in ICAL, we show in Fig. 6.6 the 1z~ and p* signal events due to a 25 GeV WIMP annihilat-
inginto 7777, bb, c¢, bb, vV, V-V, and gg channels. v, v, event spectra is similar to v,7,, and v, 1/,
and hence we have not shown it here. Also shown are corresponding reduced atmospheric neutrino
background events. In Fig. 6.6a, we show the signal events for the 777~ channel for a 25 GeV

WIMP and the atmospheric neutrino background corresponding to the neutrino and antineutrino
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Figure 6.6: The i~ (red solid lines) and u* (orange dotted lines) event distribution at ICAL due to
signal neutrinos arising out of WIMP annihilations in the sun through various annihilation chan-
nels. The signal events correspond to neutrino fluxes arising due to SD capture rate. A cross-
section of ogp = 107*?cm? has been assumed for the signal neutrinos and m, is taken as 25 GeV.
Also shown are = (blue solid lines) and p™ (azure dotted lines) event distributions due the re-
duced atmospheric neutrino background after applying the cone-cut angular suppression and the
solar exposure function suppression.
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By for this channel and 25 GeV WIMP mass. Like-wise, Fig. 6.6b shows the corresponding events
spectra and atmospheric neutrino background expected for the bb channel. As noted before, since
the neutrino flux from the 7+7~ channel is higher than the bb channel and since it also produces a
harder neutrino spectrum, the signal event spectrum is higher for the former as well as harder for
both neutrinos as well as antineutrinos. The atmospheric neutrino background too is lower for the
77~ channel since a harder neutrino spectrum gives a smaller gy, improving the cone-cut back-
ground rejection employed in our analysis. Therefore, the signal to background ratio and hence the
sensitivity to WIMP is expected to be better for the 777~ channel, as we will see in the following
sections. It can be seen from Fig. 6.6¢ that the fluxes from cc are only slightly lower in comparison
to bb, the event distribution follows the similar trend. However, since the 090 values for c¢ and
bb channels are almost comparable for various WIMP masses, it would be difficult to distinguish
between these two channels. The events due to direct annihilation of WIMP into neutrinos give

rise to a higher number of event and hence better sensitivity to indirect detection.

6.2 The statistical analysis

We perform a x? analysis to obtain expected sensitivity limits on SD and SI WIMP-nucleon scat-
tering cross-sections for given WIMP masses. We simulate the prospective data at ICAL for no
WIMP annihilation and fit it with a theory where WIMP annihilate in the sun to give neutrinos.
Therefore, the “data” or “observed” events correspond to only the reduced atmospheric neutrino
backgrounds, whereas the “theory” or “predicted” events comprise the sum of the signal events
due to WIMP annihilation in the sun as well as the atmospheric neutrino background events. The

x? function is defined as:
X=X () + () 6.1)

where

N; j :t

N minZi {2 <N;]h(ui)_]\]§?<(ui)) +2NZ (%) In (%’tfh Zi )} +Z§ (6.2)

+
T —

<
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th + ex + ¢ : ) ¢ ) +
N’ i (1™) and N (u™) are the ‘predicted’” and ‘observed’ number of p~ events at ICAL respec-
tively. As explained above, in our analysis ij"( ©*) include only the reduced atmospheric neutrino
*)

background events, while N’ 31(# include both signal events from WIMP annihilation in the sun

k
ij

as well as the reduced background events from atmospheric neutrinos. The quantities 7’ are the
correction factors due to the k" systematic uncertainty, and f,f are the corresponding pull param-
eters. Since this is an analysis which looks for signal events above atmospheric neutrino back-
grounds, and it is well known that there are substantial systematic uncertainties in the predicted
atmospheric neutrino fluxes, we include systematic uncertainties on the atmospheric neutrino back-
ground. We include 5 systematic errors on the atmospheric neutrino background: 20 % error on
flux normalisation, 10 % error on cross-section, 5 % uncorrelated error on the zenith angle distri-
bution of atmospheric neutrino fluxes and 5 % tilt error. We further include a 5 % overall error
to account for detector systematics>. The individual contributions from ;~ and p* data samples

are calculated by minimising over the pull parameters. These are then added to obtain the y? for a

given set of WIMP mass and WIMP-nucleon cross-section.

6.3 Results

We now present our main results on the expected sensitivity of ICAL to indirect detection of dark
matter. The 90 % C.L. expected sensitivity from 10 years of running of ICAL is shown in Fig. 6.7
in the ogp — m, plane for the spin dependent cross-section. The expected sensitivity assuming
100 % BR in v (red solid line), 777~ (red dashed line) and bb (red dashed line) channels have
been shown. Also shown are limits from other complementary indirect detection experiments:
IceCube [161] 77~ (bottom, light blue and dotted) and bb (top, light blue and dotted) channels,
Super-Kamiokande (SK) [49] 777~ (bottom, black) and bb (top, black), BAKSAN [162] 77~

2Simulations to estimate the detector systematic uncertainties in ICAL is under way. This number could therefore
change when better estimates of this become available.
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Figure 6.7: The expected 90 % C.L. sensitivity limit on the WIMP-nucleon spin-dependent cross-
sections as a function of the WIMP mass. The ICAL expected sensitivity are shown for vv (red
solid line), 77~ (red dashed line) and bb (red dashed line) channels and for 10 years of running of
ICAL. Current 90 % C.L. limits from other indirect detection and direct detection experiments have
been shown. Also shown is the region compatible with the claimed signal seen by DAMA/LIBRA.
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Figure 6.8: The expected 90 % C.L. sensitivity limit on the WIMP-nucleon spin-independent
cross-sections as a function of WIMP mass. The expected ICAL sensitivity are shown for vv (red
solid line), 77~ (red dashed line) and bb (red dashed line) channels and for 10 years of running of
ICAL. Current 90 % C.L. limits from other indirect detection and direct detection experiments have
been shown. Also shown is the region compatible with the claimed signal seen by DAMA/LIBRA,
CoGeNT, CRESSTII and CDMS 1II Si.
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Figure 6.9: The expected 90 % C.L. sensitivity limit for ICAL on the WIMP-nucleon spin-
dependent cross-sections as a function of the WIMP mass and for different annihilation channels.
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Figure 6.10: The expected 90 % C.L. sensitivity limit for ICAL on the WIMP-nucleon spin-
independent cross-sections as a function of the WIMP mass and for different annihilation channels.
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Figure 6.11: The expected 95% C.L. ICAL sensitivity limits in the mediator mass M,,.q vs DM
mass m,, plane for WIMP proton SD scattering. It has been generated following the prescription
given by LHCDMWG [16] and using the recommended values of the universal coupling to quarks
gq = 0.25 and the mediator coupling to DM g, = 1.0 in Eq. 2.19. The red shaded region repre-
sents the expected exclusion parameter space at 95 % C.L. for 500kt-years of ICAL exposure and
assuming xx — v,¥, annihilation channel. Exclusion regions at 95 % C.L. are shown from other
experiments for comparison: PICO-60 [17] (blue-gray shaded region), XENON-1T [18] (light blue
shaded region), ATLAS [19] (orange shaded region) and CMS [20](green shaded region).
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Figure 6.12: The expected 90 % C.L. sensitivity limit for ICAL on the WIMP-nucleon spin-
dependent and spin-independent cross-sections as a function of the WIMP mass and for different
annihilation channels. The solid lines are the sensitivity limits calculated using detector systemat-
ics as described in Sec 6.2. The corresponding dotted lines are without systematics.

(bottom, green dot dashed) and bb (top, green dot dashed) channels. For comparison we also show
the 90 % C.L. limits from direct detection experiments: PICASSO [163] (brownish-yellow), SIM-
PLE [164] (violet long dot dashed) and PICO-60 C3Fg [17] (cyan solid line). Finally, the blue-gray
shaded region is the 30 C.L. area compatible with the signal claimed by DAMA/LIBRA [37, 38].
We find that the expected sensitivity from 10 years of running of ICAL is comparable® to SK for
both 777~ and bb channels, with ICAL performing a tad better for all WIMP masses greater than
10 GeV. Note that ICAL is expected to be better than all other direct as well as indirect experi-
ments which have placed limits on the WIMP-nucleon spin-dependent scattering cross-section. In
particular, the sensitivity of the ICAL experiment is expected to be better than the current limits
from IceCube and Baksan. The limits on ogp from the direct detection experiments, in general,

are weaker than those from indirect detection experiments for all ranges of WIMP masses m, with

3We compared the event spectra for 77~ and atmospheric background as given in Fig. 6.6a with the corresponding
signal and background event spectra of Fig. 2 of [165]. Applying the same statistical analysis on both these event sets,
the calculated sensitivity limits were found to be comparable.
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Figure 6.13: Impact of varying branching ratios on the expected 90 % C.L. sensitivity limit at
ICAL. The shown limits are for WIMP-nucleon spin-dependent cross-sections as a function of the
WIMP mass and for three annihilation channels (same as in Fig. 6.7). Detector systematics have
been included. The expected 90 % C.L. sensitivity limit due to toy Models A (red line) and B
(violet line) have been shown.
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the exception of the limit obtained by PICO-60 CsFs. Depending on the choice of model, lim-
its obtained from the collider searches could be very stringent. For instance, see Figure 12(b) of

Ref. [166] for ATLAS 95% C.L. exclusion limits in the osp — m,, plane.

The 90 % C.L. expected sensitivity from 10 years of running of ICAL for the spin-independent
cross-section is shown in the og; — m,, plane in Fig. 6.8 along with limits from other experiments.
We show the expected sensitivity assuming 100 % BR in v, 7, (red solid line), 777~ (red dashed
line) and bb (red dashed line) channels. Also shown are the current limits from earlier and on-
going experiments. For the SI cross-sections, the limits from the direct detection experiments are
significantly better than those from the indirect detection experiments. Allowed regions from the
direct searches claiming positive signal for dark matter at DAMA/LIBRA [37, 38] is shown by
metallic blue shaded region at 30 C.L., at CoGeNT [42] by violet diagonally cross-hatched region
at 90 % C.L., at CRESSTII [41] by the green shaded region at 20 C.L. and at CDMS 1I Si [167]
by brown hatched region at 90 % C.L. The limits on SI cross-sections from direct detection ex-
periments are shown for SuperCDMS [168] (cyan dotted line), CDMSlite [169] (orange dotted),
XENON-I1T [25] (brown solid line) and LUX [24] (solid cyan line). The limits from Xenon-1T are
currently the best limits on WIMP-nucleon SI cross-sections. Also shown are the less competitive
limits from the indirect searches at IceCube [161] for 777~ (cyan solid line) and bb (cyan dotted
line) channels, and SK [49] for 777~ (dark violet line) and bb (light violet line) channels. As for
the SD cross-section case, we find that the expected sensitivity of ICAL is comparable to that from
SK for both channels and better than the current limits from IceCube. In this case as well, the
limits obtained from the collider searches could be very strong, subject to the choice of model. For
instance, see Figure 12(a) of Ref. [166] for ATLAS 95% C.L. exclusion limits in the og; — m,,
plane. Again, it is worth pointing out that even though the limits on SI case from indirect detec-
tion experiments are expected to be poorer than from direct detection experiments, they provide
an independent check on the WIMP parameters and can be used as a complementary probe of the

WIMP paradigm.
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It is interesting to compare the sensitivity of indirect and direct detection experiments to dark
matter searches. The sensitivity of an experiment, in a specified WIMP parameter space, depends
on the following principle factors. The detection approach (i.e direct or indirect) primarily dictates
the sensitivity. For either approach, however, signal detection threshold, signal detection and re-
construction efficiency, the choice of target material, as well as the fiducial volume and exposure,
acts in a cumulative manner and determine the sensitivity for a particular experiment. In the case of
direct detection experiments (also see Chapter 2), the sensitivity follows an approximate paraboloid
curve in the WIMP cross-section vs WIMP mass plane, and features a minimum cross-section rep-
resenting the greatest sensitivity for the corresponding WIMP mass (m,, ). The exact position of
(my0) 1s a complex function of detection efficiency and target nuclei mass. Detection efficiency is
directly related to technique with which nuclear recoils due to WIMP scattering are detected such
as bubble chamber (PICO) or Dual phase liquid time projection chambers (XENON/LUX). It is
the target nucleus that decides the dominant mode of scattering of WIMP. PICO-60 used C3F8
as the target which has unpaired nucleons in fluorine resulting in dominant SD WIMP scattering,
and for this choice of the target material the corresponding SD sensitivity is maximum for (m, )
= 30 GeV which can be seen in Fig. 6.7. In experiments like XENON and LUX, the target is
primarily sensitive to SI scattering and for this choice their sensitivity is greatest around ~ 80 GeV
WIMP mass. It should be emphasised, however, that these experiments are indeed sensitive to SD
scattering. However, since only a smaller fraction of nucleons in the target nuclei contribute to SD
scattering, their sensitivity to SD interactions is poorer (see Figure 3 of Ref. [18] for comparison).
For the masses below m, ¢, the sensitivity for all the direct experiments decrease because of the
drop in detection efficiency. For example, in case of PICO-60 experiment for masses below m,
there is a drop in bubble nucleon efficiency and as we go further down the efficiency drops to
zero at detection threshold of a few GeVs. For PICO-60, above m, o, the detection efficiency is
rather close to 100%. However, there is a drop in sensitivity due to drop in the signal rate which
is approximately oc 1/m, which can be inferred from Eq. 2.11. Similarly, trend for other direct

detection experiments can be explained. For both approaches, the sensitivity, in general, increases
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with an increase in the detector fiducial volume and exposure. For a given indirect detection exper-
iment, among other above mentioned factors, the signal to background ratio, plays a crucial role
in determining the sensitivity. However, for a specified annihilation channel and WIMP mass, the
sensitivity difference between two experiments is due to difference in the statistics (exposure and
fiducial volume of these experiments) as well as the detector systematics that have been considered
in each case. Therefore, for same exposure and fixed WIMP mass and annihilation channel, we
expected a similar sensitivity from two different experiments. This can be seen while comparing
the sensitivity limits from SK and calculated sensitivity from ICAL, as these are for approximately
same statistics. For lower WIMP masses, ICAL’s reconstruction efficiency is poorer than SK for
lower WIMP masses and improves as approach WIMP masses above 10 GeV. This is seen as a
crossing over of expected ICAL sensitivity limits over SK limits at around 10 GeV, in both Fig. 6.7
and Fig. 6.8.

Following the prescription given by LHCDMWG [16] and using the recommended values of
the universal coupling to quarks g, = 0.25 and the mediator coupling to DM g, = 1.0 in Eq. 2.19,
we show in Fig. 6.11 the expected 95% C.L. ICAL sensitivity limits in the mediator mass M,,cq VS
DM mass m,, plane for WIMP proton SD scattering. The red shaded region represents the excluded
parameter space and the expected sensitivity is shown for 500kt-years of ICAL exposure and as-
suming xx — v,V, annihilation channel. Exclusion regions at 95% C.L. are shown from other
experiments for comparison: PICO-60 [17] (blue-gray shaded region), XENON-1T [18] (light blue
shaded region), ATLAS [19](orange shaded region) and CMS [20](green shaded region).

Now we show the expected sensitivity of ICAL to indirect detection due to several WIMP
annihilation channels. The 90 % C.L. expected sensitivity from 10 years of running of ICAL is
shown in Fig. 6.9 in the o0gp — m,, plane for the spin dependent cross-section. The green lines
are for gg channel, orange lines for cc, blue for bb, violet for 77—, azure lines for v,7,, black
for v,v, and red for v, channel. Fig. 6.10 presents the 90 % C.L. expected sensitivity from 10
years of running of ICAL for the spin-independent cross-section, shown in the og; — m,, plane for

different annihilation channels. The colour coding remains the same. For the reasons described in
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3.1, the expected sensitivity limit due to WIMP annihilating into neutrino-antineutrino channels is

the strongest and weakest for the gg channel. This holds for both SD and SI case.

In Fig. 6.12 we present the impact of systematic uncertainties in the atmospheric neutrino
background on the indirect detection sensitivity of ICAL. The solid lines in this figure show the 90
% C.L. expected sensitivity of ICAL when systematic uncertainties are included. These were the
expected limits shown in Figs. 6.7, 6.8, 6.9 and 6.10. The corresponding dashed lines are obtained
by switching off the systematic uncertainties in the analysis. The orange lines are for o and bb
channel, the red lines are for ogp and 777~ channel, the azure lines are for og; and the bb channel,
the magenta lines are for o5y and 777~ channel, the dark green lines for osp and v channel and
light green lines are for og; and v channel. The impact of the systematic uncertainties for all the
channels are seen to be more for lower WIMP masses. This is because the atmospheric neutrinos
peak at lower energies and their fluxes fall as roughly £, 27. Therefore, for lower WIMP masses,
since the neutrino spectrum from WIMP annihilation are softer, these get more affected by the
uncertainties in the atmospheric neutrino fluxes. The impact of the uncertainties is also seen to be
more for the bb channel. The reason for this behaviour is again the same. We had seen in section
3.1 that the neutrino spectrum from the bb channel is softer. Similarly, the harder channels like v
and 717~ have greater high energetic neutrino content. Therefore, the impact of the atmospheric
neutrino background and also the uncertainty on the atmospheric neutrino background affect the
softer channels more than the harder channels.

Finally, in Fig. 6.13 we illustrate the impact of varying branching ratios on sensitivity lim-
its. It is clear from Fig. 3.2 that some channels are weaker in comparison to others and would
yield a weaker sensitivity to indirect detection as shown in Fig. 6.9 and Fig. 6.10. However,
these sensitivity limits are assuming 100% branching ratios for each of the annihilation chan-
nel. Therefore, the above sensitivity limit indicates the best limit one would expect at ICAL due
to a particular channel considered. In nature, however, we would have a mixture of fluxes from

different channels and correspondingly the sensitivity limits would be altered. For a given WIMP
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model, the branching ratio of a particular channel would be known and corresponding contribu-
tion in terms of neutrino fluxes can be easily calculated. In a framework of a particular model,
therefore, the sensitivity due to this mixture of fluxes would get scaled appropriately. To illus-
trate this point, we consider two toy models and calculate their expected sensitivities at ICAL.
We take two toy models restricted to three annihilation channels: Model A which has a follow-
ing prediction : BR.: : BRy; : BR.+,- = 20% : 60% : 20% and Model B which predicts
BR.: : BRy, : BR.+,- = 10% : 20% : 70%. We see from the Fig. 6.13 that sensitivity due
to Model B (violet line) is more than Model A (red line), and it is expected since it has greater
contribution from a ‘harder’ channel which is 777~ in this case. For both the models, sensitivities
are indeed bounded by the strongest and the weakest channels which in this particular case are

+

777~ and cc respectively.

6.4 Conclusions

In this chapter, we studied the potential of the ICAL detector to detect the neutrinos from WIMP
annihilations in the sun. We performed a study of ;z~ and p™* events arising at ICAL due to such
neutrinos through various WIMP annihilation channels : 777, bb, c¢, bb, V., v, Vy, V-V, and gg
channels. The atmospheric neutrinos come from all directions while the dark matter signal neu-
trinos only come from the direction of the sun and we used this feature to place an angular cut to
effectively reduce the atmospheric neutrino background. We presented the signal and background
for various annihilation channels for WIMP mass 25 GeV and ogp = 1072 cm?. We defined
a x? function for the indirect detection sensitivity of ICAL to dark matter and presented the ex-
pected sensitivity in the ogp — m,, and og; — m,, planes for spin-dependent and spin-independent
cross-sections, respectively. The expected 90 % C.L. sensitivity was presented for 7+7~, bb, cc,
bb, v, vV, V-V, and gg channels for an exposure of 500 kt-yrs of ICAL and with systematic
uncertainties on atmospheric neutrino background included in the analysis. For a WIMP mass
of 25 GeV, the expected 90 % C.L. limit using the 77~ channel with 500 kt-yrs exposure in

ICAL is 0g5p < 6.87 x 1074 ¢cm? and 0g; < 7.75 x 107*3 cm? for the spin-dependent and spin-
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independent cross-sections, respectively. We also studied the effect of systematic uncertainties on

the atmospheric neutrino background.
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Chapter 7

Searches for DM annihilations in the earth

In this chapter, we will study the prospect of indirect detection of WIMP at ICAL from their
annihilations in the center of the earth. As is well known, the WIMP annihilation cross-section
can be related to the WIMP-nucleus scattering cross-section. The WIMP scattering on nucleons
can proceed both via Spin Independent (SI) as well as Spin Dependent (SD) process, where the
SI cross-section depends on the mass of the nucleus involved while the SD cross-section does
not. Therefore, heavier target nuclei offer better sensitivity to SI cross-sections. As a result,
the WIMP direct detection experiments, which look for the recoil energy of target nuclei due
to WIMPs scattering on them in dedicated terrestrial detectors, are more sensitivity to SI cross-
sections owing to their heavier target nuclei. On the other hand, the indirect detection search
for WIMP annihilation in the sun is more sensitive to the SD cross-sections since the sun mostly
consists of hydrogen. The earth has heavier elements, with only a negligible amount of nuclei
with unpaired nucleons, and hence are sensitive to SI cross-sections. While the direct detection
experiments continue to be several order of magnitude more sensitive for SI interactions, indirect
searches provide a complementary probe to dark matter and are hence interesting. The neutrino
fluxes due to WIMP annihilation in the earth core have been presented in Section 3.2. Using the
prescription in Chapter 5, we calculate expected signal events at ICAL for a given WIMP mass and
the annihilation channel.

The organisation of the chapter is as follows. In Section 7.1, we describe the atmospheric

139



background suppression scheme. and present the expected event spectrum at ICAL. We define
the x* function in Section 7.2, present results on expected sensitivity of ICAL in Section 7.3 and,

finally, conclude in Section 7.4.

7.1 Atmospheric neutrino background suppression

Similar to the search in the previous chapter, the major source of background to the indirect
searches from WIMP annihilation in the earth is due to the atmospheric neutrinos. However, unlike
the neutrinos from WIMP annihilation which come from the direction of the earth core, the atmo-
spheric neutrinos have a distribution over all zenith and azimuth angular bins and is comparatively
well studied. We can exploit this feature and use it to suppress the atmospheric background con-
siderably. Other source of neutrinos such a geothermal neutrinos coming from the core direction
are in the MeV range and hence are not relevant here. The signal neutrinos, for the case of WIMP
annihilation in the earth, will come from the direction of earth core. The signal search region for
the WIMP annihilation in the earth is shown in Figure 7.1. These neutrinos on reaching ICAL will
interact with the detector iron and produce leptons, muons being the lepton of interest for ICAL.
The scattered muon will make an angle (6,,,) with their parent neutrino, where (0,,,) is a function
of parent v energy and detector medium. Due to finite detector resolution there will be smearing
effects. However, we choose to work with true muon direction rather than the reconstructed muon
direction at the stage of background suppression. As we seen in Section 5.5, ICAL has an excel-
lent muon angle resolution for the considered energy range and hence this choice will not affect
the final results significantly. We define 6y, to be the half angle of the cone that contains 90% of
the signal muons, the axis of the cone being in the direction of the earth’s core. Harder channels
like 717~ with higher energy neutrinos will have a narrower gy in comparison to softer channels
like bb with lower energy neutrinos which will have a broader 6. Likewise, we expect that the v
spectra from annihilation of massive WIMP to have most of the associated muons in a narrower

cones than neutrinos by lighter WIMP. Also, the heavier the WIMP, the closer it is to the center
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Figure 7.1: The cone regions where signal from the WIMP annihilations are expected for the
earth.

of the earth and hence smaller cone opening'. Using WIMPSIM and GENIE, we estimate 0
for each WIMP mass and for a given annihilation channel. Figure 7.2 shows the 6y, obtained for
WIMP annihilation inside earth, as a function of WIMP mass (m, ), and for different annihilation

channels.

The atmospheric neutrino background is then suppressed as follows. For each WIMP mass
and annihilation channel, we accept only those muons whose zenith angle are within 6y, with re-

spect to the earth core. These atmospheric background events that fall within this cone represents

I'The captured WIMP settle in the core of the earth with an isothermal distribution at a temperature equal to the
core temperature. In order to calculate WIMP annihilation profile for the earth, WIMPSIM uses the expression (Eq.
(1) and (2)) described in Ref. [170]. At a distance r from the center of the earth, the annihilation rate per unit volume
is proportional to the square of the WIMP number density n(r) and can be written as:

n(r) = n(O)efﬁ/zri (7.1)
where 7, can be written as:
1
kT |° 0.56R
Ty = = o (7.2)
4rGpm W

where k and G are the Boltzmann and Gravitational constants, respectively, Rg is the radius of the earth, p is the
density of the earth’s center and 7' is the temperature at the center of the earth.

141



50

f_ —v :bb
45F V:bb
- —V T
40E vVittt
— —V
"’8 35 v
)

30F
25
20__""”.........-'-....___________-_-_--_-.: ............................

.........................
"a
........

FT1, BT

-
.
.

......
‘e
.
-
-
‘e
"aa
L]
e,

TTI.T

..............
-
il

.............................
~eaa
.

Figure 7.2: 90 % cone cut values obtained for the earth. This is obtained using WIMPSIM and
GENIE. A cone angle is estimated such that it contains 90% of the signal events. The solid lines
correspond to neutrinos and dashed lines correspond to anti-neutrinos for each of the annihilation
channel.

142



045

o
N

0.35

o
w

D m,=50 GeV

0.25 —
- |m,=100 Gev

0.2
0.15
0.1
0.05

O T AR AN v o ol / i AR e
-1 -0.8-06-04-02 0 02 04 06 08 1
Cos 6,

NOID3IH TVNDIS

Event Probability (0.025 Cos 6)
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ground is also shown.
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Figure 7.4: Muon event distribution at ICAL due to atmospheric neutrinos and signal neutrinos
arising out of a WIMP annihilations in the earth. The plots are for fluxes arising due to SI capture
rate. A cross-section of o = 10~%**cm? has been assumed for the signal neutrinos. The left plot is
for the WIMPs annihilating into the channel bb while the right plot is for the annihilation channel
7t77. A 100 % branching ratio has been assumed for each of the channels. Also shown are
the corresponding events coming from the atmospheric background after applying the suppression
scheme as described in 7.1. Atmospheric events have been simulated using Honda fluxes at Theni
[21]. The softer channel bb has more background than the harder channel 77,
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Figure 7.5: Muon event distribution at ICAL due to atmospheric neutrinos and signal neutrinos
arising out of a WIMP annihilations in the earth. The plots are for fluxes arising due to SI capture
rate. A cross-section of og; = 107%**cm? has been assumed for the signal neutrinos. The plot
is for the WIMPs annihilating into the channel v,7,, assuming a 100 % branching ratio. The
corresponding events coming from the atmospheric background after applying the suppression
scheme as described in 7.1 are also shown. It can be seen that events in this case are more than the
bb and 77~ channels.

an irreducible background for we can not distinguish them from the neutrinos due to WIMP anni-
hilation in the core. After applying this suppression scheme, we fold the background events with

detector resolution and efficiencies as described in Section 5.6 to obtain the final reconstructed and

suppressed background events which are then used for y? analysis.

Figure 7.3 shows the angular probability distribution of 1+~ due to WIMP annihilations in the earth
for the 777~ channel along with the distribution of the (unsuppressed) atmospheric background
muon events at [CAL. A comparison for three WIMP masses 5, 50 and 100 GeV has been shown.
The above probability distribution, for each of the WIMP mass, has been obtained by normalising
the reconstructed 4~ events in each bin by total number of reconstructed 1~ events for that WIMP
mass. It can be noted that as WIMP mass increases, the angular probability distribution peaks
towards the direction of the core. This is expected because of the reasons discussed above. The
signal search is carried out in the region right of the vertical line represents fy. We draw a line
at ~ 30° from the earth center (cosf = 1) just for illustration. The actual values of 6y, for each
WIMP mass and channel is taken from Figure 7.2 while doing the analysis. Fig. 7.4 shows the

signal events due to a 52.14 GeV WIMP annihilating through 7+ 7~ and bb channels. Also shown

144



are corresponding suppressed atmospheric background events.

7.2 Statistical Analysis

We perform a 2 analysis to obtain expected sensitivity limits on spin independent WIMP nucleon
cross section as a function of WIMP masses. We simulate the prospective data at ICAL for the
case of no WIMP annihilation and fit it with a theory where WIMP annihilate in the earth to give
neutrinos. Therefore, the “data” or “observed” events correspond to only the reduced atmospheric
neutrino backgrounds, whereas the “theory” or “predicted” events comprise the sum of the signal
events due to WIMP annihilation in the earth as well as the atmospheric neutrino background

events. The x? function is defined as:

X2 =2 (u7) + P (et), (7.3)

X N (p* !
) =iy S (o0 - Vg ) )+ 2 ()] + 06 0
J i k=1
l
NI (i) = N' (1) (1 + wajé,f) + 057, (7.5)
k=1

th + X + 13 . ) 13 D +
N’ (1) and N (p™) are the ‘predicted” and ‘observed’ number of u* events at ICAL respec-
tively, similar to Chapter 6. The systematics uncertainties included on the background events are

same as in Chapter 6.

7.3 Results

We present the expected results on ICAL sensitivity to indirect detection in this section. As men-

tioned in Section 3.2, for the case of WIMP annihilation in the earth, the spin-independent WIMP
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Figure 7.6: The expected 90 % C.L. sensitivity limits on og; for ICAL as a function of annihilation
cross-section (oAv) for a 52.14 GeV WIMP annihilating through v,,77, (dark orange solid), 7+ and
77~ (red solid) and b b (red dashed). Also shown are upper limits at 90 % C.L obtain;d by various
experiments IceCube [22] 7" and 7~ (green), ANTARES [23] 7" and 7~ (black), b b (cyan), v,
(azure), LUX [24] (blue-dashed) and XENON-1T [25] (dark brown solid) have been shown for
comparison. For ICAL, systematics have been included.
nucleon cross sections og; and annihilation rate 'y are related by Eq. (3.4-3.5). The capture rate
and the annihilation rate are not in equilibrium, and hence the annihilation rate depends on the
ogr as well as on the annihilation cross section (oav). Figure 7.6 shows our expected sensitivity
upper limits at 90 % C.L. in the ogy - (cov) plane for a WIMP mass of 50 GeV. As shown in Fig-
ure 3.4, the capture rate for the WIMP masses closer to iron mass is greatly enhanced and hence
we expect stronger bounds. It is evident that for a 50 GeV WIMP, ICAL seems to put a stronger
bound on og; for a given (oav) for a given annihilation channel such as 7+ 7~. For the obvious
reasons, described in earlier sections, the harder channels v,7, and 7 and 7~ give stronger limits
in comparison to the softer channel b b.

In Figure 7.7 we present the expected 90 % C.L. sensitivity limits on the WIMP-nucleon
SI interaction cross-section as a function of WIMP mass for 500 kt-years of ICAL exposure and
compare it with the exclusion limits obtained from various other direct and indirect detection ex-

periments. The direct detection experiment XENON-1T [25] gives the most stringent bound till

date. Bounds from indirect searches are, in general, weaker in comparison to direct detection ex-
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Figure 7.7: The expected 90% C.L. sensitivity limits on og; as a function of WIMP mass, assuming
a WIMP annihilation cross section {(oav) = 3 x 10726 cm? s~!. The displayed sensitivity limits are
for the local dark matter density p = 0.3 GeVem 3. Among the indirect detection experiments,
using neutrinos as a probe, ICAL provides the most stringent bound. The dip around 50 GeV in the
limits obtained for Earth WIMP annihilation is a prominent feature in all experiments and is due to
resonant capture of WIMPs on Fe. ICAL 90% C.L. sensitivity limits for v, 7, (dark orange solid),
7H7~ (red solid) and b b (red dashed) channels for WIMP annihilation in the Earth are shown;
90% C.L. upper limits from SK [26] for 7+ and 7~ (brown), IceCube [22] 7+ and 7~ (green) and
ANTARES [23] 7" and 7~ (black). Also, shown are the limits obtained from DARKSIDE [27]
(dark green dotted), LUX (blue), XENON-1T [25] (brown solid) and PANDA [28] (cyan dotted).
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Figure 7.8: The expected 90% C.L. sensitivity limits on the annihilation rate (I'y) as function
of WIMP mass (m,) due to WIMPS annihilating into v,7, (dark orange), 7+ 7~ (red solid) and
b b (red dashed) with 100% branching ratio each. The limits are for 10 years of ICAL running.
For comparison limits from various other experiments have been shown: ANATARES [23] 7+ 7~
(black), b b (cyan), v, (azure) , and IceCube [22] 7F and 7~ for m, < 50 GeV and W+~ for
m, > 50 GeV (green). We show these limits for a fixed (o4v) = 3 x 10726cm?s ™.
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Figure 7.9: The expected 90% C.L. sensitivity limits for WIMP annihilation for different masses
and two annihilation channels for WIMP annihilation in the earth are shown. The solid lines are the
sensitivity limits calculated using detector systematics as described in Sec 6.2. The corresponding
dotted lines are without systematics. The expected sensitivity limits are shown for v, in red solid
(with systematics) and orange-dotted lines (without systematics), for 7+ and 7~ are shown in blue
solid (with systematics) and azure-dotted lines (without systematics) and for b b in dark green solid
(with systematics) and light green-dotted lines (without systematics). The effect of systematics,
as we expect, is to worsen the limits as expected. It can be seen that for the harder channels, the
impact of systematics is seen to decrease and for v,/ channel it becomes almost non-negligible.
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Figure 7.10: The expected 90% C.L. ICAL sensitivity limits on ogy as a function of m, for WIMP
annihilation in the sun and earth. The expected sensitivity limits for the annihilation in the sun
is shown for 7+ 7~ (light blue dashed), b b (green dashed), and v, v, (dark orange dashed) with
100% branching ratio each. The expected sensitivity due to WIMP annihilation in the earth for
channels 7+ 7~ (blue solid), b b (dark green solid) and v, v, (red solid) are shown for comparison.
For calculating earth’s sensitivity, a WIMP annihilation cross section (oxv) = 3 x 1072cm3s™!
has been assumed.

150



periments. However, among the neutrino detectors, ICAL seems to give the most stringent bound
for the chosen WIMP mass range. For the WIMP masses close to iron mass, there is a resonant
capture and hence enhance event rates resulting in a stronger bound.

For calculating sensitivity limits on annihilation rate and og; in case of the earth, we assume

3571, As discussed in Chapter 3, we have a

an annihilation cross-section (cAv) = 3 x 10™%cm
relation between the annihilation rate I'y and SI WIMP-nucleon cross-section og;. Using the y?
analysis described in Section 7.2, we derive limits on the og; as a function of WIMP mass m,.
Using Eq. (3.4-3.5) from Section 3.1, we transported these sensitivity limits from og; — m,, plane
to 'y — m,, plane. Figure 7.8 shows the expected sensitivity limits at 90 % C.L. calculated on the
WIMP annihilation rate for annihilation in the earth through channels v,7,, 7" and 7~ and b b.
Results from other experiments are also shown for comparison®. Again, we can see that for chosen
WIMP mass range, ICAL presents a stronger bound on the WIMP annihilation rate for a given
channel. Again, v,7,, bounds are the strongest among the three channels considered.

In Figure 7.9 we present the effect of systematic uncertainties on the expected 90 % C.L.
sensitivity limits on the WIMP-nucleon SI interaction cross-section. The dashed lines are the
limits calculated while taking only statistical uncertainties. As expected, the effect of systematic
uncertainties is to worsen the limits as can be seen from the figure.

Finally, in Fig 7.10, we compare the expected ICAL sensitivity limits due to WIMP annihila-

tion in the sun and earth. The sensitivity limits shown here for the sun are the as in Fig .6.8.

7.4 Summary

The analysis presented in this work is a part of ongoing studies to probe the physics potential of the
upcoming ICAL detector. Neutrinos arising out of WIMP annihilations in the earth could be used
to probe dark matter signatures. Such searches would be complementary to direct searches for
WIMP. We presented a study of prospects of detecting muon events at ICAL arising due to WIMP

annihilation in the earth for v,,, 777~ and b b annihilation channels. Employing an effective at-

2For SK latest preliminary results please see [29].
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mospheric background suppression scheme, the expected 90 % C.L. sensitivity limits obtained for
SI WIMP-nucleon cross-section for the case for the earth is better than present neutrino detection

experiments.
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Chapter 8

Searches for DM in the galactic centre

The milky way galaxy is inlaid in a DM halo with a varying density profile, peaking at the centre.
At these centres of WIMP concentration, annihilation could happen and, through various annihi-
lation channels, produce Standard Model (SM) particles which subsequently give rise to neutrino
fluxes. These neutrinos can escape the interior of galaxy, oscillating along the way, and reach
earth where they could produce detectable signal. In this chapter, we study prospects of detecting
muons events at ICAL due to WIMP annihilation in the region near galactic center. The number of
expected events is related to velocity averaged WIMP annihilation cross section (cv) and WIMP
mass and hence could be used to constrain these parameters.

Galactic centre (GC) is an extended source unlike other astrophysical sources, such as the sun,
which are (nearly) point-like sources. These neutrinos will travel to the ICAL detector and interact
with the detector medium to produce a detectable signal, i.e., muons. The searches for muon
events arising at [CAL due to WIMP annihilations in the sun and the earth have been considered in
chapter 6 and chapter 7, respectively. In this chapter, we consider the events arising at ICAL due
to WIMP annihilations in the galactic centre. Prospects of detecting events arising out of WIMP
annihilation from the diffused dark matter halo have been done in Ref. [171]. In this chapter which
is based on [4], we focus on the annihilations in the centre of milky way galaxy and through a full
detector simulation.

For this analysis, we consider WIMP masses (m,) between 5 and 100 GeV. The WIMP
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annihilation channel considered are 7777, b b, "~ and v ©. The WIMP annihilation could be
into various channels with a branching ratio. However, as discussed in the previous chapters, the
branching ratio of these channels depend on a particular WIMP model considered. In order to
probe a generic scenario, we choose 100 % branching ratio for each of the annihilation channels
and estimate expected sensitivity limits for ICAL.

Several indirect detection experiments have provided limits on the neutrino fluxes arising out
of WIMP annihilation in the galactic centre, such as IceCube [30], ANTARES [31], and SK [26].
The organization of this chapter is as follows : In section 8.1 we describe the signal search region
and the optimisation scheme for the signal expectation calculations. This is followed by section
8.2 where the atmospheric background suppression scheme is discussed in detail and a comparison
of expected signal and the suppressed background is presented for various annihilation channels.
Thereafter, in section 8.3, we briefly mention the statistical analysis scheme and present our main

results for the search for DM in the GC in the section 8.4 and finally conclude in section 8.5.

8.1 Signal and the background

Fig. 10.1 shows the signal search cone for WIMP annihilation in the galactic centre. The angular
separation of produced neutrinos with respect to the galactic centre is denoted by W which is also
the angular separation of the parent WIMP with respect to GC (Please refer Fig. 3.6). The neutrinos
on reaching ICAL will interact with detector iron and produce muons tracks whose separation
with respect to the GC is denoted by W ,,. The scattering angle (6,,,) of the muons with the parent
neutrino is a function of neutrino energy and hence 6,,, can be mapped to a function of m, and
annihilation channel. As discussed in chapter 3, the neutrino fluxes for WIMP annihilation in GC,
among other factors, depend on velocity averaged WIMP annihilation cross section (o4 v) and
J-Factors 7 (AS)). The value of ¥, and hence the corresponding A2, has to be chosen such that it
yields the maximum sensitivity for that specific WIMP mass, annihilation channel and DM density

profile considered. The value of W is chosen as follows. For a specified m,, annihilation channel,
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Figure 8.1: The signal search region for the WIMP annihilation in the galactic centre. The figure is
not to scale. The angular separation W has to be optimised so as to maximise the ICAL sensitivity
to this search.
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DM density profile and an benchmark value of (o4 v), signal neutrino fluxes are calculated using
Eq. 3.14. For the other values of (o4 v), the events are scaled linearly and then used for further
statistical analysis. For calculating the background events, we use the cone acceptance criterion
similar to the approach used in Chapter 6. We choose W¥,, value to be equal to W, and then using
this as a cone half angle, accept the background events within the solid cone given by solid angle

AQ =27(1 — cos ¥,,). Itis to be noted that ¥ and ¥, are related by 6,,, by the equation:
U, =406, (8.1)

The value of 0,,, depends on the energy of the parent neutrino and has a probability distribution
with 0y ~ 35° for m, = 5 GeV. By choosing, ¥ = W, for accepting the signal and the back-
ground, we are choosing only the signal and background events which are essentially coming from
the direction of parent neutrino. This approximation is valid for high energy neutrinos as their as-
sociated muons are essentially in the same direction, but for the low energy neutrinos this angle can
be quite large as shown in Section 6.1. Therefore, a better analysis would require optimisation over
both ¥ and ¥ ,,. However, choosing a single W parameter, we substantially reduce the computation
involved. Also, ¥, is the only observable for our case, as ¥ reconstruction depends on the muon
information, i.e., ¥, itself. For a given ¥, (and hence V) the background and the signal events are
generated and used for the statistical analysis. J(A£) involved in the WIMP annihilation fluxes

are calculated for various ¥ values shown in Fig. 8.2!.

8.2 Atmospheric neutrino background suppression

The atmospheric neutrinos pose a severe background to the searches of annihilation in the GC,

similar to the previous Chapters 6 and 7. We follow the same approach, as was done for the case of

IThe value of ¥ should be optimised for various WIMP masses, annihilation channels, and DM density profiles.
However, for the sake of computational simplicity, we calculate signal and background for set of ¥ values shown
in Fig. 8.2 and quote expected ICAL sensitivity and leave optimisation for a later work. The W values used in this
analysis are taken from Table 1 of Ref. [31] for masses 25, 50, 90 and 100 GeV. For intermediate masses, W value is
interpolated and for m, < 25 GeV, ¥ value is obtained through extrapolation.
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Figure 8.2: The ¥, values as a function of m, used for the analysis in this work.

the sun (Section 6.1) to handle the background. As mentioned in the previous section, we accept the
signal and the background events that fall within a solid angle of cone A2 = 27 (1 — cos ¥,,). The
signal neutrinos are, by definition, from the galactic centre region, such that the axis of the signal
acceptance cone coincides with the angular direction ¥,, = 0. In a running experiment, only the
background events whose W, fall within this acceptance cone and accepted for analysis. Since we
are dealing with Monte-Carlo generated data, we assign a probability that a particular background
event has originated from the direction of the galactic centre. In order to apply this probability, or in
other words assign a weight to the background events we do the following. The position of galactic
centre remains approximately fixed in terms of the equatorial coordinates. However, in terms of the
horizontal coordinates, it keeps changing. We track the motion of the galactic centre (approximated
by the position of Sagittarius A*) with the help of Stellerium® and PyAstronomy“*and record it’s
visibility at ICAL’s coordinates in terms of zenith and azimuthal angles. The recorded values are

stored in a histogram and then normalised by the total number of recorded values to yield what we

’Hereafter, U » = ¥, unless stated otherwise, will be assumed throughout this chapter.
3http://stellarium.org/
“https://github.com/sczesla/PyAstronomy
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Figure 8.3: The galactic centre exposure function in terms of horizontal coordinates ¢ and ¢.

call as “galactic exposure probability”. The galactic exposure probability in terms of zenith angle
f and azimuth angle ¢ is shown in Fig. 8.3. It can be seen that for INO’s geographical coordinates,
the galactic centre remains between directions ¢ = 120° and ¢ = 240°. In the vertical direction,
the visibility of G.C. is more pronounced and varies between ¢ = 40° and § = 160°. Using the
GC’s visibility (or exposure) from this distribution, we assign a probability to a background event
which is ‘signal like’, i.e., the background events coming from the direction of GC and having
energies less than m,, as such background events are indistinguishable from the signal events due
to WIMP annihilation. As done in the previous chapters, we do this background suppression at the
neutrino generator stage rather than at the reconstruction stage in order to simplify our analysis.
We proceed as follows : We take a background event which has an energy and angle information
given by GENIE output and assign a cone to this event, such that the axis of the cone coincides
with the muon direction and cone half angle is given by the appropriate ¥,,. On this cone surface,
we calculate the galactic exposure integral probability which corresponds to the probability of the
given background event having come from the direction of galactic centre region. This probability
is assigned as a weight to the background muon event and is carried forward for further steps which
include event reconstruction and statistical analysis.

Now we present plots which represent the expected signal and the suppressed background

events at I[CAL for 500 kt-year of iron mass. Using the prescription in the chapter 5, we generate
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Figure 8.4: = event distribution at ICAL due to annihilation of 30 GeV WIMP in GC and the
corresponding suppressed atmospheric neutrino background. The signal ;~ events corresponding
to channels bb (LEFT) and 1.~ (RIGHT) have been shown in red. The i+ events for the channels
are shown in dotted orange lines. ;1= and ;i events for the suppressed atmospheric background is

shown in solid blue and light blue dotted lines for both the channels. These events are for 50 x

10 kt-years of ICAL exposure and signal expectation is assuming (o4 v) = 5 x 1072'cm?®s~! and

NFW density profile.

events for the signal and background cases separately. Fig. 8.4 and Fig. 8.5 show the muon events
at ICAL due to annihilation of 30 GeV WIMP for b b, u*p~, 777~ and v, channels and as-
suming NFW DM density profile. The signal neutrino fluxes are calculated using [7] for different
annihilation channels as discussed in Section 3.3. Also shown are the corresponding suppressed
background using the prescription described above.

The signal events shown in these figures correspond to a rather large value of (o4v) = 5 X
1072*cm3s~!. The events for BURKERT profile are less than NFW for the same value of assumed
parameters. Therefore, the expected sensitivity to indirect searches for WIMP annihilation in the
GC is more for NFW than BURKERT and we will see that it is indeed the case in the results
section. For the case of the EINASTO density profile, the events are marginally smaller and hence
not shown here for brevity.

For obtaining each of the event distributions, a 100% branching ratio was considered. The
solid red lines represent the neutrino events and orange dotted lines are for antineutrino events.
For the chosen values of (0 4v), the signal events are below the suppressed background events for
a few GeVs and then go above the background thereafter. This feature, as shown in Figs. 8.4 and

8.5, is true for all the channels except bb for which the events fall below the background around
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Figure 8.5: 1~ event distribution at ICAL due to annihilation of 30 GeV WIMP for 7+ 7~ (LEFT)
and v, v, (RIGHT) channels. The colour convention, detector exposure parameter values are same
as in Fig. 8.4.

20 GeV. Among the four channels, v, channel produces the hardest neutrino (and antineutrino)
spectra. It can also be noted that the corresponding background events are less for this channel
in comparison to others. The reason is same as we have discussed earlier chapters. The neutrino
channel give a harder neutrino spectra and hence the produced muons will have a smaller scattering
angle and a narrow background acceptance cone, which is manifested in a smaller value of ¥,,. In
nature, however, we expect WIMP to annihilate through a mixture of these channels and hence the

corresponding event spectra would be modified.

8.3 Statistical Analysis

We proceed with the statistical analysis similar to the previous chapters. We perform a x? analysis
to obtain expected sensitivity limits on velocity averaged WIMP annihilation cross section (4 v)
for given WIMP masses. We simulate the prospective data at ICAL for no WIMP annihilation and
fit it with a theory where WIMP annihilate in the GC to give neutrinos. Therefore, the “data” or
“observed” events correspond to only the reduced atmospheric neutrino backgrounds, whereas the
“theory” or “predicted” events comprise the sum of the signal events due to WIMP annihilation in

the GC as well as the atmospheric neutrino background events. The y? function is defined as:

X2 =x2(u7) + P (wt), (8.2)

160



w0t
- b b ICAL
b _
mg [TaTy
~ 107 B
> -
<
S .
V —
10—23_
E|I|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

10 20 30 40 50 60 70 80 90 100
m, (GeV)

Figure 8.6: The 90% C.L. expected ICAL sensitivity for (04v) as a function of m, for bb (light
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assuming 100 % branching ratio for each annihilation channel and NFW DM density profile. This
is for 50 x 10 kt-years of ICAL exposure and systematic uncertainties have been considered.

where

N N () :
() =min Y ") [2 (Nf}“(ui) —N{?‘(ui)) + 2N (1) In (m)] +Y 67, (83)
1 i ) k=1

l
NP () = N7 (i) (1 +y wi»’;éf) +O(E), (8.4)
k=1

N’ :?(;F) and N{¥ (™) are the ‘predicted” and ‘observed’ number of ;* events at ICAL respec-
tively, similar to the previous chapters. The systematics uncertainties included here are same as in

Section 6.2.

8.4 Expected sensitivity for ICAL

Now, we present the main results for the expected sensitivity of ICAL for WIMP annihilation

in the GC. Fig. 8.6 shows the 90% C.L. expected sensitivity limits on (c4v) as a function of
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Figure 8.7: The 90% C.L. expected ICAL sensitivity for (o4v) as a function of m, assuming
100% branching ratio each for the channels p*p~ (black solid line) and v,v7, (red solid) for 50
x 10 kt-years of ICAL exposure and assuming NFW density profile. The 90 % C.L. upper limit
obtained by other experiments are also shown : SK [29] are shown for "~ (black dashed line)
and v,v, (red dashed), IceCube [30] for channel 7"7~ (green) and ANTARES [31] for 777~
(brownish yellow) channel. The observed e™ e~ excesses and the interpretations of them as dark
matter self annihilations, limit obtained by FERMI-LAT [32] (blue) is also shown. The thick cyan
line represents the natural scale for which WIMP is a thermal relic from the early universe.
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m, for 500 kt-years of detector exposure. The expected sensitivity are obtained assuming NFW
DM density profile. It can be seen that for the reasons described earlier, the expected sensitivity
limits for v,v, (red) annihilation channel is the best and bb (light blue) channels is the worst.
The annihilation of WIMP through the leptonic channels like ;"= (black) and 777~ (green)
channels give comparable bounds. Since the harder channel has higher energy neutrinos than
that of b b channel, the expected sensitivity limits for these channels are better. For each of the
channels, we observe that the expected sensitivity decreases with the increase in WIMP mass.
This is mainly because the signal fluxes decreases with the increasing WIMP mass as seen by
Eq. 3.14 in Chapter 6. With the increase in WIMP mass, we accept fewer background events as
smaller W, values needed for larger m, values (and the hence the narrower acceptance cone), the
decrease in signal fluxes dominates which results in an overall decrease in the sensitivity.

In Fig. 8.7, the 90% C.L. expected sensitivity for (o 4v) as a function of m, assuming 100%
branching ratio each for the channels are shown again and compared with the existing experimental
limits in this WIMP mass region. The annihilation channels 1y~ and 1,7, are shown in solid
black and red lines, respectively. The ICAL limits are for 500 kt-years of detector exposure and
assuming NFW density profile. The 90 % C.L. upper limit obtained by other experiments are
also shown for comparison. The 90% C.L. upper limit obtained by SK [29] are shown for pt ™
(black dashed line) and v,v,, (red dashed) channels. The SK limits have been obtained for the
search for DM induced diffused neutrinos in the Milky Way galaxy. The trend is similar to the
expected ICAL sensitivity limits. The expected sensitivity of ICAL for (o 4v) are found to be
an order of magnitude worse than that of SK for the corresponding channels. Several factors
could be at play. The signal expectation calculated for ICAL are using PPPC4DMID [7], whereas
SK uses DarkSUSY [172] for signal expectation calculation. It has been found that PPPC4DMID

fluxes gives more conservative limits in comparison to DarkSUSY?>. Also, the signal to background

SPreliminary expected sensitivity limits calculated using WIMPSIM gives results which are comparable to SK for
the same detector exposure. A detailed analyses is under way to understand this further. However, for the results
presented in this thesis we restrict ourselves to the fluxes calculated by Cirelli et al. [7] Also see Ref. [173], where a
comparison between different DM flux calculating packages has been done.
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optimisation could be improved further. For a very simple analysis ® done for an iron detector using
DM induced neutrino fluxes see [171]. Also shown are the much weaker 90% C.L. upper limits
on (o 4v) for 777~ channel for IceCube [30] (green) and ANTARES [31] (brownish yellow). The
observed et e excesses by FERMI-LAT [32] satellite and its interpretations as dark matter self
annihilations, the shown limit (blue) have been obtained. The natural scale for which WIMP is a
thermal relic from the early universe is also indicated by a thick cyan coloured line. Depending
on the choice of model, corresponding limits obtained from the collider searches could be very
stringent. For instance, see Figure 12(c) of Ref. [166] for ATLAS 95% C.L. exclusion limits.

In Fig. 8.8, we compare the expected 90 % C.L. ICAL sensitivity limits for various DM
density profiles. The expected results for NFW (blue) and EINASTO (red) profiles are almost
the same, except for the region below 10 GeV. The expected sensitivity limits for BURKERT are
worse than EINASTO and NFW as it predicts less concentration of DM in the galactic centre and
hence lower signal expectation.

Finally, in Fig. 8.9, we show the effect of systematic uncertainties on the expected sensitivity
limits. The 90% C.L. expected sensitivity for (o 4v) as a function of m,, assuming 100% branching
ratio for v,v,, channel and for for 500 kt-years of detector exposure is presented with systematic
uncertainties included (solid red line) and without systematics (solid black line) for EINASTO
dark matter density profile. The area in the between has been shaded for visual clarity. It can be
seen that the effect of uncertainty is negligible for this DM profile except for the lower WIMP
masses. This is easy to understand with the following reasoning. The systematic uncertainty has
been applied only on the background and we see that the background suppression improves as the
m, increases, and hence the effect of systematic uncertainties decrease with the increase in m,.

This trend can be seen in case of other DM density profiles as well.

®The analysis done in [171] does not make use of realistic ICAL detector characteristics and hence is a not a
realistic result.
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8.5 Conclusions

In this chapter, we discussed the prospect of detecting neutrino fluxes due to WIMP annihilation
in the G.C. The 90% C.L. expected sensitivity for ICAL in the (0 4v) - m, parameter space was
presented for bb, utp~, 7t~ and v,v,, WIMP annihilation channels assuming 100 % branching
ratio each. Among the channels considered, the 90% C.L. expected sensitivity limits for v,
channel and NFW profile was found to be the most stringent. ICAL expected sensitivity was
found to be better than the current limits from indirect detection experiments like IceCube and
ANTARES for the range of m, € (5,100) GeV. The experimental limits obtained by SK are better
than the corresponding ICAL sensitivity limits by more than an order of magnitude. A comparison
of expected sensitivity for various DM density profiles was also presented. Also shown was the
effect of systematics on the expected sensitivity for a given DM density profile and an annihilation
channel in Fig 8.9. With a better ¥, optimisation scheme for the signal expectation calculation

and background suppression, ICAL expected sensitivity can be improved further.

166



Chapter 9

Neutrino Physics with Non-Standard

Interactions at INO

9.1 Introduction

In this chapter, we will study in detail the impact of NSI on the atmospheric neutrino signal in
the ICAL detector at INO. We analyse the prospective data at ICAL in terms of the measured
muon energy and muon angle through a binned y? analysis. ICAL is expected to also measure
the energy deposited in the associated hadron shower. Inclusion of the hadron energy information
improves the energy reconstruction of the events and hence in general improves the sensitivity of
ICAL [66]. We have not included the hadron energy information in this work. This is being studied
in a follow-up work by the INO collaboration.

For this work, we use the Nuance neutrino event generator with the ICAL detector geometry
for generating muons from atmospheric neutrinos. The ICAL energy and angle resolutions and
reconstruction and charge identification efficiencies are obtained from the Geant4-based detector
simulation code developed for ICAL as described in Chapter 5. We generate muon events in the
range (1-100) GeV and show the increase in the sensitivity to NSI parameters with the increase of
the neutrino energy, and hence the muon energy, as was pointed out in Ref. [55]. We will quantify

the extent of modification in the expected muon signal at ICAL in the presence of NSI. Using that
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we will study the expected limits that ICAL could impose on NSI parameters if there is no evidence
of NSI in the data. If on the other hand the NSI parameters are large enough, we would see a signal
of new physics in the ICAL data. We give the lower limit on the NSI parameters which is needed
in order to allow their discovery in ICAL at any given C.L.. Likewise, the presence of NSI could
change the sensitivity of ICAL to other neutrino oscillation parameters. In particular, we will show
how the NSI parameters alter the mass hierarchy sensitivity in this class of experiments and present
the revised sensitivity limits.

The chapter is organised as follows. In Section 9.2, we discuss the neutrino oscillation prob-
abilities in the presence of NSI. In particular, we study the impact of NSI on the difference in the
probabilities between the NH and IH cases. In Section 9.3, we describe the simulation techniques,
and the statistical analysis procedure. We present our main results in Section 9.4. All results are
shown for 500 kt-year of data in ICAL. Subsection 9.4.1 is devoted to study the impact of NSI
on the mass hierarchy sensitivity of ICAL. In Subsections 9.4.2, 9.4.3, and 9.4.4, we discuss the
expected constraints on NSI parameters, the expected lower limit allowing for discovery of NSI,
and the allowed areas in NSI parameters space, respectively. We end in Section 9.5 with our

conclusions.

9.2 Impact of NSI on Oscillation Probabilities

As outlined in the introduction, an extension of the Standard Model of particle physics in its gauge
sector and/or particle sector is likely to give rise to additional (effective) interactions between
Standard Model particles. In particular, in this work, we are concerned with such interactions
experienced by the neutrinos when they propagate inside earth matter. This effective term in the

Lagrangian is of the form [174-177]

Lxst = —2V2G el (ar" PLug) (FruPef) 9.1)
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where f is a fermion, Po = (1 £ 75)/2 (C = R, L) are the chiral projection operators, G is
the Fermi constant, and e(’;g are the corresponding NSI parameters. Since earth matter is made
up of the first generation fermions only, the NSI parameters corresponding to e, u, and d are the
only ones which contribute towards modifying the neutrino propagation inside the earth. For the
neutral-current NSI what is relevant is the sum ef;ﬂ = eié + efyg. Furthermore, since only the

incoherent sum of the NSI contributions is important, we combine the NSI effects coming from

€5 €ugr and €2 ; as

nr
€ap = 3 n—eﬁﬁ, (9.2)

f=eu,d ©
where 7 ¢ is the number density of the fermion f and we have normalised the effective contribution
to the number density of electrons in earth.! While, in principle, the NSI parameters are complex?,
we consider only values which have phases either O and 7. Throughout this work, we will use this
assumption. Note that we sometimes refer to the NSI parameters as €, for simplicity, even though
we work with only the real values of these parameters.
Each of the NSI parameters has been constrained from existing data. The corresponding

model-independent upper bounds at 90 % C.L. are [180]

42 033 3.0
leas] < 10.33 0.068 0331, 9.3)
3.0 033 21

where we have arranged the parameters in the form of a matrix with the rows and columns corre-
sponding to {e, i1, 7}. Note that only the NSI parameter ¢, is well constrained in this phenomeno-
logical approach, while constraints on all other NSI parameters are rather loose. In particular, large

values of €., €., and €., are still allowed. These bounds are generally referred to in the litera-

'Note that the convention followed in defining the NSI parameters is crucial to interpret the actual constraints
on them from a given experiment and there are some places in the literature where a different convention has been
followed (see Ref. [178] for a discussion).

2The complex phases of NSI parameters can affect the discovery reach of CP violation in a complicated manner
as shown in Ref. [179]. The complex phases can indeed introduce contributions to CP violations. Restricting the NSI
parameters to real values, we have considered a simpler scenario.
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ture as indirect bounds as these bounds on parameters affecting neutrino oscillations come from
non-neutrino experiments. The only® neutrino experiment that has provided bounds on (some) of
these parameters that are better than these indirect bounds is the SK experiment, which puts direct
bounds on the NSI parameters |e,| and |e.. — €| in the framework of the so-called two-flavor
hybrid model. From the combined SK I and SK II data sets, the 90 % C.L. upper bounds are given
by [51,178]

leur] < 0033, |err — €] < 0.147. (9.4)

The MINOS experiment has also used its data to set the following bound —0.2 < ¢,, < 0.07 at
90 % C.L. [181]. However, this bound is weaker than the one set by SK.
In what follows, we will work with the exact three-flavor neutrino oscillation probabilities

and consider the following ranges for the relevant NSI parameters:*

—03< €u <03,
—05< €, <0.5,
—0.04 < €, <0.04,

—-0.15 < ¢, <0.15, 9.5)

while for the oscillation parameters we assume the following true values:

sin® 1o = 0.31, sin®6y3 = 0.5, sin®26;5 =0.1,

Am3, =75x107%eV?, |Am3| =24 x103eV?, dep =0. (9.6)

The NSI parameter(s), if present, will alter the neutrino oscillation probabilities. Oscillo-

3Experimental constraints on the NSI parameters using from data from IceCube Deep Core became available at a
much later date [52] and hence this chapter will not refer to this.

*We choose a smaller range than the current 90 % C.L. allowed range in Eq. (9.3), since outside these ranges the
x? corresponding to the ICAL data is already large.
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Figure 9.1: The relative probability difference Afqu as a function of the NSI parameters ¢, and
€., for cosf = —1 (left panel) and cosf = —0.55 (right panel). Please note the scale of the
colorbars to the right of each panel. The following values of the neutrino parameters have been
used: 015 = 34°, 013 = 9.2°, fy3 = 45°, § = 0 (no leptonic CP-violation), Am2, = 7.5-107°eV?,
and Am2, = +2.4 - 1073 eV? (normal neutrino mass hierachy). All NSI parameters, except €pr
and €., have been set to zero.
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Figure 9.2: The relative probability difference AffeH as a function of the NSI parameters €., and
€.r for cosf = —1 (left panel) and cos = —0.55 (right panel). The neutrino parameter values
used are the same as in Fig. 9.1, except that €., and . are non-zero, while all other NSI parameter
values have been set to zero.

grams showing the impact of NSI on the neutrino oscillation probabilities have appeared vastly in
the literature. The muon neutrino survival probability P, is affected most by the parameters |e,, |
and |e;, — €,,|, while the transition probability P,, depends on |e.,| and |e,,|. This dependence

can be used to discover NSI parameters using neutrino oscillation data or constrain them.
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It is also known that the dependence of the neutrino oscillation probabilities on NSI parame-
ters is different for the NH and IH cases. Indeed, since measurement of the neutrino mass hierarchy
is one of the prime goals of the INO experiment, it is pertinent to ask how the mass hierarchy sen-
sitivity of the experiment alters in the presence of NSI. For the mass hierarchy determination, what
matters is the difference in the oscillation probabilities between NH and IH. Therefore, it is ap-
propriate to ask how the difference in the probabilities between NH and IH changes in presence of
NSI. In order to show the impact of NSI on the mass hierarchy sensitivity, we present in Figs. 9.1
and 9.2 the contours of the relative difference A%H between the neutrino oscillation probabilities
P,p (including NSI) corresponding to NH and IH. We define the relative probability difference
AN as follows (cf. the definition of the total CP-asymmetry in Ref. [182])

APMI0.) [ APMY(E ) dE
SPMI@G) T EPMH L) dE’

A5, - ©)

where

APMA(E,0.) = PNYE,0.) - PY(E,0.),

EPO%H(E,HZ) — prH(E,ezHP;Ig(E,ez),

PNt and Pl being the v, — v oscillation probability for NH and IH, respectively. In each case,
we calculate A%H for a particular zenith angle #,, while the energy dependence is integrated out in
the range (1-100) GeV.

AN in the €,,-¢., plane, keeping e,

In Fig. 9.1, we show the relative probability difference
and e, fixed at zero.’ The probabilities are calculated numerically within the full three-generation
oscillation paradigm, using the PREM [183] density profile for the earth matter. We compute this
for two benchmark zenith angles of cosf, = —1 and —0.55 corresponding to neutrino baseline

lengths of L = 12742 km and L = 7000 km, respectively. The colors represent the contours

corresponding to the values of A%MH shown in the colorbar. The (0,0) point in the €,,-¢,, plane

>Here and throughout the rest of this work, we keep €., = 0.
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corresponds to neutrino oscillations without NSI (i.e. standard neutrino oscillations). At all other
points, NSI are included in the model, and this can be observed to alter the mass hierarchy sen-
sitivity parameter AMH. Note that for standard oscillations we have AMH ~ —5%. This small
relative difference is what the atmospheric neutrino experiments observing v,, are exploiting to
determine the neutrino mass hierarchy. When the NSI parameters are switched on, A%H changes.
The relative difference AMH is seen to increase for €, < 0 and decreases further to larger negative
values for €, > 0. However, since for the hierarchy measurement what is relevant is the absolute

difference | A}

long

as all the parameters are kept fixed between the NH and IH cases. The change in A%H

. With e, | is
seen to be in the same direction for both the zenith angles shown, though its magnitude is seen to
be larger for cos#, = —1 case. The change in A%H with €, is less pronounced. In particular, for
the cos#, = —0.55 case, the dependence on €., is marginal. Even for the cosf, = —1 case, the

ANLH on €., for e,, = 0 is negligible. For larger values of |e,.|, the role of |e,,| is to

dependence of
reduce the overall change in A%H due to NSI, and this happens for both positive and negative €.

In order to understand the change of the probability difference as a function of the NSI param-
eters, we can series expand the neutrino oscillation probabilities in orders of the NSI parameters
and keep only the first-order terms. The expression for the difference in the muon neutrino sur-

vival probability between NH and IH, keeping only leading-order terms in NSI parameters and

neglecting the standard matter effects, is given by [184—186]

|Am3,|L A |Am3,|L
AP;\'/L[LH ~ —QRG(EW—) sin 2023 < sin 2923 2E sin 2E3} +4 COS2 2623 |A 31| 1’12 4;1
Am3, | L A o |Am2|L
+(|€up] — |€r+]) sin® 2093 cos 2023 (ﬁ sin | 221| N sin? | 4gl| )(9.8)

where A = 2v/2G pn.E. Note that Eq. (9.8) depends only on the parameters Re(e,,) and || —
le;-| to leading order. Dependence on €., and €., appear only at higher orders, which can be ne-
glected unless these parameters are taken to be large. Therefore, in Fig. 9.1, we show the relative

probability difference for the survival channel in the €,,-¢.. plane keeping the other NSI param-
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eters at zero. For €., = 0, the expression clearly shows that [AP}"|, and hence |A}1], grows
with |e,-| and flips sign when the sign of ¢/, changes. The quantity AW is positive for €,, < 0
and negative for €,, > 0. This agrees fairly well with the exact results shown in Fig. 9.1. The
impact of €., on the other hand is more involved. Using Eq. (9.8), we note that for any given large
value of €, we should have the highest possible |AZLH| for €, = 0, and since the dependence on
this parameter comes in the form of |e.|, we should have lower | A}}"| on both sides of ¢, = 0.
On the other hand, for ¢,, = 0, the AP%H obtains contribution only from the second term, and
there is a relative sign between the two terms in the parentheses. As a result for €, = 0 we do not
expect large contribution to AP%H from NSI. These features can be observed in the exact result in
Fig. 9.1.

In Fig. 9.2, we present the A} contours in the €,,-¢., plane with €, and ¢, fixed at zero.
The probability P, depends crucially on the NSI parameters €., and €., at leading order, and
hence, NSI bring significant change to |AMH| In this case, the corresponding analytic expression
is complicated and we refer the reader to Ref. [184] for a related expression for the approximate
formula. However, the exact results shown in the figure tell us that the presence of the NSI param-
eters €., and €., could bring substantial change to the mass hierarchy sensitivity of atmospheric
neutrino experiments. In fact, €., and €., could either increase or decrease the mass hierarchy

sensitivity compared to what we expect from standard oscillations.

9.3 Event Spectrum at INO

Since earth matter effects develop only in either the neutrino or the antineutrino channel for a given
mass hierarchy, the charge identification capability gives ICAL an edge to better observe the earth
matter effects, and hence, the neutrino mass hierarchy. The capability of this experiment to help
discover the mass hierarchy has been studied before by the INO collaboration using information
on muon energy and angle in Ref. [65] and using both the muon energy and angle information as

well as hadron energy information in Ref. [66]. In this work, we only use the muon energy and
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angle information and quantify the change in the mass hierarchy sensitivity of ICAL in presence of
NSI. We also study the prospects of constraining or discovering the NSI parameters with the muon
event sample.

For calculating the predicted number of 4~ and p™ events in ICAL, we use the same pre-
scription as in the earlier chapters®. The unoscillated events are calculated using the Nuance event
generator modified for ICAL. The oscillation probabilities, with and without NSI effects, are im-
plemented through a re-weighting algorithm as discussed in Chapter 5. Finally, the muon recon-
struction efficiency, charge identification efficiency, and muon energy and angular resolutions are
folded in as described in Chapter 5 (See Refs. [65, 66, 68, 70, 154] for more details). The new
ingredient in the simulations performed for this work is that while all the earlier INO works used
muon sample in the energy range (1-11) GeV, we consider in this work a much larger energy range
of (1-100) GeV.

This event sample is then binned in energy and zenith angle bins as follows. For the zenith
angle we have 20 equal size bins in the cos 0, range (—1,1). For the energy, we take variable bin
sizes to ensure that there are reasonable number of events in each bin. Between muon energies
(1-10) GeV, we take 9 energy bins of size 1 GeV, and between (10-100) GeV, we take 3 energy
bins of size 30 GeV.

The predicted events are then analysed by a statistical procedure identical to the one used in

the earlier chapters. A 2 function is defined as
"), 9.9)

where

N; Nj Nex :t
= mlnz > [ <Nth N;.X(ui)) + 2N () In (Nth Zi )} + Zg %9.10)

kzljl

®However, unlike other projects included in thesis, this work makes use of NUANCE event generator in conjunction
with Kamioka fluxes.
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!
NI () = NG () (1 - ZWZ&?) + O, ©.11)
k=1

N3 (u*) and NX(u*) being the predicted and ‘observed’ number of 1i* events in ICAL, respec-
tively, ﬂfj the correction factors due to the k" systematic uncertainty, and 5,? the corresponding
pull parameters. Similar to previous analyses, we include 5 systematic uncertainties. The individ-
ual contributions from p~ and p* data samples are calculated by minimising Eq. (9.10) over the
pull parameters. These are then added [cf. Eq. (9.10)] to obtain the x? for a given set of oscilla-
tion (and NSI) parameters. This resultant x? is then marginalised over the oscillation parameters,
and when applicable, over the NSI parameters. We assume for the oscillation parameters the true
values given in Eq. (9.6) and marginalise our x? over their current 30 ranges. We include priors

defined as

g

2
Xlz)rior = (ptrue p) ) (912)
p

where py;ye 18 the assumed true value of the parameter p and o, the 1o error on it. We include priors
on |Am2,|, sin? B3, and sin® 260,53 with 1o errors of 1 %, 2 %, and 0.005, respectively [187, 188].
For the NSI parameters, the y? is marginalised over their range given in Eq. (9.5). For all results
presented in this work, we use 500 kton-year of statistics in ICAL. We next define the different y?
that we compute in this work for the different physics studies we perform.

Sensitivity to Neutrino Mass Hierarchy: To find the sensitivity of ICAL to the neutrino
mass hierarchy, we compute the y? according to Egs. (9.9) and (9.10), where ij‘(ui) correspond
to the right hierarchy and N’ Z?(,ui) correspond to the wrong hierarchy. The Ay thus obtained
is then marginalised over the oscillation and NSI parameters. We do this for different assumed true
values of the NSI parameters.

Bounds on NSI parameters: In the event that there is no signal for NSI in the ICAL data, one

will be able to give upper bounds on the NSI parameters at a given C.L. In order to find the expected

sensitivity of ICAL to constrain the NSI parameters, we compute the x* by generating NE( p*) for
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standard oscillations (with all NST parameters set to zero) and fitting this with N’ ;?(ui) computed
with non-zero NSI parameters. The corresponding Ay3, where S stands for sensitivity, obtained
after marginalising over oscillation gives a measure of the sensitivity reach of ICAL to NSI.

Discovery of NSI parameters: If on the other hand, one finds a signal of NSI in the ICAL
data, this would be a discovery of NSI, and hence, physics beyond the Standard Model. Of course,
the NSI parameters in this case have to be above a certain value to be able to produce a discoverable
signal at [CAL. We find this lower limit on the NSI parameters needed to be discovered at ICAL
for a given C.L. by generating N{*(4*) with NSI and fitting this with N’ gl(ui) corresponding to
standard oscillations. The corresponding Ax3 obtained after marginalising over oscillation gives
a measure of the discovery reach of ICAL to NSI.

Precision on NSI parameters: Finally, for a given set of NSI parameters, one can use the
ICAL data to produce C.L. contours in the NSI parameter space. We will show these contours
at the 68 %, 95 %, and 99 % C.L. in the €,,-¢,, and €.,-¢c., planes. For this, we will generate

Nf;‘(ui) for a certain set of NSI parameters and fit it with all values of the NSI parameters in the

given plane while marginalising over the oscillation parameters.

9.4 Expected Results from INO

We now present our main results. We first show the impact of NSI on the mass hierarchy sensitivity
of ICAL, which is the main goal of the experiment. We next give the sensitivity reach of this
experiment in constraining NSI parameters. Subsequently, we quantify the NSI discovery potential
at INO. Finally, we briefly discuss with what precision the NSI parameters could be measured at

INO if they were indeed above the discovery limit.

9.4.1 Impact of NSI on Mass Hierarchy Sensitivity

We noted in Figs. 9.1 and 9.2 that the difference in the oscillation probabilities between NH and

IH changes in the presence of NSI. Since the mass hierarchy sensitivity is defined in terms of the
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Figure 9.3: The Ax3,y, giving the expected mass hierarchy sensitivity from 10 years of running of
ICAL, as a function of the true value of NSI parameters. We keep only one €,s(true) to be non-zero
at a time, while others are set to zero. The Ay? is obtained as explained in the text. However, the
resultant A? is not marginalised over the oscillation parameters as well as NSI parameters.

difference in the event distribution for NH and IH, it is therefore expected that the mass hierarchy
sensitivity of the experiment would change in the presence of NSI. The mass hierarchy sensitivity
for standard oscillations using only the muon events in ICAL is given in Ref. [65]. We revisit
the mass hierarchy sensitivity in ICAL in the presence of NSI parameters and show our results in
Figs. 9.3 and 9.4. The A3 corresponds to the difference in x? of the fit with the wrong and
the right hierarchy as a function of the true value of the NSI parameter. For the sake of simplicity,
we take only one non-zero NSI parameter in the data at a time. For instance, the black curves
in the top-left panels of Figs. 9.3 and 9.4 are obtained as follows. The data are generated for
NH and a given true value of €., (shown as the z-axis). The oscillation parameters in data are

taken from Eq. (9.6) and all other NSI parameters are set to zero. This is then fitted with a theory
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Figure 9.4: The Ax3y, giving the expected mass hierarchy sensitivity from 10 years of running
of ICAL, as a function of the true value of NSI parameters. We keep only one €,s(true) to be
non-zero at a time, while others are set to zero. The Ay? is obtained after marginalisation over the
oscillation parameters as well as NSI parameters as explained in the text.

prediction corresponding to IH. In Fig. 9.3, we present the Ay3;y; obtained when all oscillation
and NSI parameters in the fit are fixed at their assumed true values. In Fig. 9.4, we marginalise the
Ax? over the oscillation parameters |Am2, |, sin® 63, and sin® 20,3 with priors. The Ax3,y is also
marginalised over the NSI parameter which is taken as non-zero in the data, while the other NSI
parameters are kept fixed at zero. For instance, in the top-left panel, the Ax? is marginalised over
€e» While the other NSI parameters are kept fixed at zero. In all cases, the Ax3,y; is marginalised
over the oscillation parameters |Am2,|, sin® 63, and sin? 615 with priors included as described in
the previous section. The other panels are also obtained in a similar way.

The horizontal black dashed lines in the four panels of Figs. 9.3 and 9.4 show the mass

hierarchy sensitivity expected in ICAL for the case when there are no NSI considered in either
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the data or the fit. A comparison of this with the black solid and red dashed curves in the figure
reveals that presence of NSI in the data could change the mass hierarchy sensitivity of ICAL. In
particular, we see that the Ax3,;; changes sharply with the true value of €., and €. In presence of
NSI, we note that the A3y increases for €., (true) > 0 and €., (true) = 0, while it decreases for
€ep(true) < 0 and e, (true) < 0, compared to what is expected for standard oscillations.

These features can be understood from Figs. 9.1 and 9.2. Since the NSI parameters ¢, and
€.~ mainly affect the appearance channel F,,, we refer to Fig. 9.2 to understand the upper panels
of Figs. 9.3 and 9.4. The (0,0) point of Fig. 9.2 refers to standard oscillations and gives the mass
hierarchy sensitivity shown by the black dashed lines in Figs. 9.3 and 9.4. If we stay on €., = 0
and change ¢.,, we note from the left panel (cos, = —0.55) of Fig. 9.2 that for ¢, < 0 |A£ﬁH
decreases, while for €., 2 0 it increases. This is less clear in the core-crossing bin, however,
since the largest mass hierarchy sensitivity at [ICAL comes from zenith angle bins close to cos 6, =
—0.55, this feature stays in the final Ay% .

The effect of €., on the mass hierarchy sensitivity is seen to be less severe from the bottom-
right panels of Figs. 9.3 and 9.4. This NSI parameter affects the muon neutrino survival channel
the most. Figure 9.1 reveals that the impact of €, on |AMLH| (when €, = 0) is very small for both
the core-crossing and the cos ¢, = —0.55 bin. The impact of ¢, on the mass hierarchy sensitivity
is more interesting and has been discussed in Refs. [55-57]. For €., = 0, we see that |AAI\L/LH| could
change up to 20 % for the core-crossing bin and a few percent for the cos#, = —0.55 bin, as we
change ¢,,. Note that for standard oscillation |A%H| is already a very small number, and hence,
the relative change of |A%HH| due to €, is significant. This is reflected in the bottom-left panel of
Fig. 9.3, where we see a large increase in Ax3;; with €,,. However, once we marginalise over

oscillation and €, in the fit, this increase is washed out and we obtain no significant impact of €,

on Ax3,y in the bottom-left panel of Fig. 9.4.
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Figure 9.5: The AxZ, giving the sensitivity reach of 10 years of ICAL data in constraining the NSI
parameters in the event that the data show no signal of any new physics, as a function of the fit
value of NSI parameters. We keep only one €,s(true) to be non-zero at a time, while others are
set to zero. The AxZ has been marginalised over the oscillation parameters and NSI parameters as
explained in the text.

9.4.2 Expected Bounds on NSI

In Fig. 9.5, we present the expected sensitivity reach of ICAL in constraining NSI parameters.
The figure shows the expected sensitivity for each of the NSI parameters e, (top-left panel), €.,
(top-right panel), €, (bottom-left panel), and ¢, (bottom-right panel). This figure is obtained as
follows. We use as data the event distribution at ICAL corresponding to standard oscillations by
setting all NSI parameters to zero. This is then fitted with the predicted event distribution which
includes one non-zero NSI parameter at a time, and the corresponding Ax? calculated. In Fig 9.5,
we show this Ax2 as a function of the NSI parameter that is allowed to be non-zero in the fit.

The Axg is marginalised over the oscillation parameters |Am§1 , sin® B3, and sin? 26,5. Priors on
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Figure 9.6: The improvement in the expected bounds on NSI from increasing the considered muon
energy range from 20 GeV to 100 GeV in the analysis. We show this only for the NSI parameters

€pr-

the three oscillation parameters were included as described in the previous section. The resultant
Ax?3 shows little change as a result of marginalisation over them. The black solid curves are
obtained when the data are considered corresponding to NH, while the red dashed curves are for
data corresponding to IH. We keep the hierarchy fixed to its assumed true value in the fit.

The expected sensitivity for IH is only marginally worse than that for NH. At the 90 % (30)
C.L., the expected bounds on the NSI parameters from 500 kton-years of statistics in [ICAL for NH

can be read from the figure as

—0.119 (=0.3) < e, < 0.102(0.2),
—0.127 (=0.27) < eer < 0.1(0.23),
—0.015 (=0.027) < e, < 0.015 (0.027),

~0.073 (=0.109) < €. < 0.073 (0.109).

For the IH case, the bounds are comparable and can be read from the figure.

In Fig. 9.6, we show the improvement that we obtain in the sensitivity reach of ICAL to
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Figure 9.7: The A3, giving the discovery potential of 10 years of ICAL data in observing NSI, as
a function of the true value of NSI parameters. We keep only one NSI parameter to be non-zero at
a time, while others are set to zero. The Ax3 has been marginalised over the oscillation parameters
as explained in the text.

the NSI parameters when we increase the muon energy range considered in the analysis from 20
GeV (red dashed curve) to 100 GeV (black solid curve). The 30 bound on ¢,, improves from
—0.033 < €47 < 0.033 to —0.027 < €, < 0.027, when we increase the muon energy from 20

GeV to 100 GeV in the data.

9.4.3 Discovery Reach for NSI Parameters

In the previous section, we looked at how well ICAL will be able to constrain NSI parameters if
its data were consistent with just standard oscillations. Next, we take the complementary view and
ask ourselves that if NSI parameters were indeed non-zero, at what C.L. would ICAL be able to tell

them apart from standard oscillations. In other words, we are looking for the limiting true values of
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the NSI parameters above which the data at ICAL would be a signal for NSI at a certain C.L. For
that, we now consider data for various (assumed) true values of the NSI parameters and fit them
with a predicted event spectrum corresponding to standard oscillations and compute the resultant
Ax?. We present this in Fig. 9.7. For simplicity, we consider only one non-zero NSI parameter

, sin2 923, and sin2 013

at a time in the data. We marginalise over the oscillation parameters |Am3,
with priors imposed on each one of them as discussed before. The black solid curves correspond
to the case for NH, while the red dashed curves are for IH. We keep the hierarchy to be the same in
the theory as in the data. The figure shows the expected Ay? for the discovery of each of the NSI
parameters €., (top-left panel), e., (top-right panel), €, (bottom-left panel), and €, (bottom-right
panel). While the nature of the curves are very similar to the ones we had in Fig. 9.5, the values
of the Ax? are different. With 500 kton-years of data, the ICAL experiment will be able to give a

signal of NSI at the 90 % (30) C.L. for NH if

€ep < —0.116 (—0.28), €., > 0.105 (0.2)
€er < —0.12(—0.29), €. > 0.102 (0.23),
€r < —0.015 (—0.027), €, > 0.015 (0.028)

€-r < —0.07 (—0.104), €, > 0.07 (0.103).

The corresponding limiting values for IH are similar, as can be seen from the figure.

9.4.4 Precision on NSI Parameters

In Figs. 9.8 and 9.9, we show the projected C.L. area in the NSI parameter space allowed after 10
years of running of the ICAL experiment. In Fig. 9.8, we show these for the case where we assume
that there are no NSI, or in other words, when the assumed true values of the NSI parameters are
taken as zero, shown by the black dots in the figure. The black dotted, blue dashed, and red solid
contours show the 68 %, 95 % and 99 % C.L. in two-dimensional NSI planes. The contours are

marginalised over the oscillation parameters after including priors that are described above. The

184



0.15

rrrrrr 68% CL
----95% CL
0.1 — 99% CL
0.05-
$ o
-0.05F
0.1F
i
( L Il L
01554 0.02 0 0.02 0.04
€
0.3
e = 68% CL
E ---- 95% CL
0.2 —— 99% CL
0.1
= E
& OF
-0.1F
0.2
i
0 3L I I I I
053 03 0.1 0.1 0.3 0.5

€o

0.3 e — e 8% CL
E E ---- 95% CL
0.2F 0.2F —— 99% CL
0.1F 0.1
ofF §  oF
0.1 0.1
0.2F 02 /0 T
2L L L [0 N | N AR B P IR N
oz 2002 0 0.02 0.04 015 ™01 005 0 005 01 0I5
€y €
0.5 0.5
= 68% CL [ 68% CL
F ---- 95% CL F|---- 95% CL
0.3 ——99% CL 0.3 — 99% CL
0.1F 0.1
F 5 F
L w L
0.1F 0.1
0.3 -0.3F
g g
~ I I I .
0004 0.02 0 0.02 0.04 0615

Figure 9.8: The expected C.L. contours in the given NSI parameter plane. The other NSI param-
eters are set to zero. The NH has been assumed to be true. The black dots show the points where
the data were generated, which are for no NSI in this case.
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ters are set to zero. The upper panels are drawn in the €, — €.~ plane, while the lower panels are
drawn in the €., — €., plane. The black dots show the points where the data were generated.
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NSI parameters other than the ones appearing in the two-dimensional plane are kept fixed at zero.
NH is assumed for all plots. The corresponding contours for the IH case are very similar and we
do not repeat them for brevity.

In Fig. 9.8, we show the C.L. contours for the case where we assume the true values of the
NSI parameters to be non-zero. The upper panels show the C.L. in the €,.-¢,, plane when the true
values of (¢, €--) are taken as (0.02,0), (0,0.075), and (0.02,0.075) for the left, middle, and right
panels, respectively. These assumed true points are shown by black dots in the plots. The values
€eu and €., are assumed to be zero in both the data as well as in the fit, and we do not show the
contours in planes involving these parameters. The lower panels are similar to the upper panels
except that now we show the C.L. in the €.,-¢., plane when the true values of (e, €.,,) are taken
as (0,0.1), (0.15,0), and (0.15,0.1) for the left, middle, and right panels, respectively. For these
panels, the values €, and €., are assumed to be zero in both the data as well as in the fit. Again,

the figures are for NH, however, the ones for IH are similar and we do not present them for brevity.

9.5 Conclusions

We probe in this work the impact of NSI parameters on the expected signal at ICAL and the
physics conclusions that one can draw out of it. The neutral-current NSI if present, could alter the
propagation of atmospheric neutrinos inside the earth matter changing the signal at ICAL. This
change due to NSI can be used to study the NSI parameters. On the other hand, one needs to
estimate how much the potential of ICAL to standard physics gets modified in the presence of
NSI. In this work, we have taken both these considerations into account and studied the physics
potential of ICAL in presence of NSI.

Measurement of the neutrino mass hierarchy is the primary goal of the ICAL atmospheric
neutrino experiment. We showed how the difference in the neutrino oscillation probabilities be-
tween NH and IH change in presence of NSI. We defined the relative probability difference AZ[BH for
the oscillation channel v/, — 13 and showed the oscillograms for A} and AY", the two oscillation

channels relevant for the atmospheric neutrinos in ICAL. These oscillograms (and all other results
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shown in this paper) were obtained from an exact numerical calculation of the three-generation
neutrino oscillation probabilities using the PREM profile for the earth matter density [183]. The
oscillograms show that the relative difference A%H changes significantly with €,, compared to its
Standard Model value, while AgﬁH is seen to vary sharply with the values of €., and ¢.,. The impact
of the NSI parameter ¢, is seen to be less important.

We next simulated 1~ and p* events in the ICAL detector in presence of NSI and defined a
x? function, including energy and zenith angle correlated as well as uncorrelated systematic uncer-
tainties, to give C.L. predictions for the estimated sensitivity of ICAL.” The x? is marginalised over
the NSI parameters and the oscillation parameters |Am2, |, sin® 63, and sin® 26,5 after putting pri-
ors on them. Using this we presented the change in Ax3,;; if NSI was assumed to be a certain true
value in Nature. We showed that the Axﬁm increases rapidly for €., (true)> 0 and €., (true)> 0,
while it decreases for €, (true)< 0 and e.,(true)< 0 compared to what we expect for standard os-
cillations. This behavior can be understood from the oscillograms we showed. The impact of the
NSI parameter €, is small, however, the A3 could vary significantly with €,

We next showed the potential of ICAL in discovering or constraining NSI. If the case that
ICAL was consistent with no NSI in the data, we presented the expected upper limit on the NSI

parameters. At the 90 % (30) C.L. we have for the NH the limits

—0.119 (=0.3) < e < 0.102(0.2),
—0.127 (=0.27) < eer < 0.1(0.23),
—0.015 (=0.027) < e, < 0.015 (0.027),

—0.073 (—=0.109) < €, < 0.073 (0.109).

The limits for IH are similar. Compared to the current 90% C.L. bounds given in Egs. (9.3) and

(9.4) the expected bounds from ICAL are promising. We next considered the case where the data

"It has been shown that the inclusion of hadron energy information in the analysis of ICAL data improves the mass
hierarchy sensitivity of ICAL. The impact of the hadron energy information on the sensitivity of ICAL to NSI is being
studied in an independent work.
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at ICAL is consistent with NSI and we gave the expected statistical significance with which ICAL
will rule out the theory with no NSI. We calculated the range of the NSI parameters that would
lead to 90% (30) C.L. discovery of NSI at ICAL. Finally, we presented the C.L. contours in the

two-parameter NSI planes, for different choices of true values of the NSI parameters.
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Chapter 10

Summary and outlook

The WIMP paradigm could be a solution to the observed dark matter abundance of the universe.
Considering this scenario to be true, WIMPs would be gravitationally captured by celestial bodies
like the sun and earth and eventually accumulate in their cores where, as well as in other regions
of preponderance such as the GC, they would annihilate into standard model particle-antiparticle
pairs. Among the final state annihilation products, the neutrinos would manage to escape the point
of production and reach the detector on earth, carrying with them, the vital information of the
parent WIMPs. The neutrinos on reaching detector interacts with the detector material and by
studying the products of interaction such as the charged leptons, we can, in principle, reconstruct
the properties of the annihilating WIMPs. In this thesis, the prospect of detecting neutrinos from
WIMP annihilations in the sun, earth and GC with ICAL detector was explored. This work is a
part of ongoing studies to probe the physics potential of the ICAL detector.

In order to analyse the indirect signal for WIMP masses up to 100 GeV, dedicated ICAL
detector simulation were performed using the Geant4-based ICAL detector code to obtain the
detector and charge identification efficiencies as well as the muon energy and angle resolution
functions. We presented our results on the ICAL detector response for higher energy muon in
Chapter 5. The simulations presented in this thesis are an extension of the detector simulations
performed by the INO collaboration [78], where the detector response was simulated for muon

energies up to 25 GeV. All analyses presented in this thesis makes use of the results presented in
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Chapter 5 for muon energies up to 100 GeV.

We simulated the expected event spectrum for the dark matter signal using the event generator
GENIE, suitably modified to include the ICAL detector geometry. The GENIE output is given in
terms of true energy and true zenith angle of the muon and is for a 100 % efficient ideal detector.
The detector and charge identification efficiencies as well as muon energy and zenith angle res-
olutions are functions of both true muon energy and true muon zenith angle. We first fold these
events with detector efficiency and charge identification efficiency with the ICAL muon response
presented in Chapter 5. Next, in order to simulate the events in bins of measured muon energy and
muon zenith angle, we fold them with the muon energy resolution functions and muon zenith an-
gle resolution functions. The muon events after this stage represents the prospective data at ICAL
for 500 kt-year exposure. All results shown in this thesis were obtained from an exact numerical
calculation of the three-generation neutrino oscillation probabilities using the PREM profile for
the earth matter density [183].

The atmospheric neutrinos pose a serious background to the signal neutrinos due to WIMP
annihilation. However, the atmospheric neutrinos come from all directions whereas the dark matter
signal neutrinos only come from the direction of source. The signal direction corresponds to the
direction of the sun for solar WIMPs, the direction of the earth’s core for the terrestrial WIMPs and
from the angular position of GC with respect to the detector for the annihilation in the galactic cen-
tre region. This feature is what we use to place an angular cut to effectively reduce the atmospheric
neutrino background.

Searches for the WIMP annihilation in the sun was presented in Chapter 6. A study of ;= and
u" events arising at ICAL due to WIMP annihilation was presented for the following annihilation
channels : 777, bb, c¢, bb, v.7,, vV, V-V and gg. For the case of solar WIMPs, we first per-
formed a generator-level simulation to find the opening angle between the signal neutrinos and the
direction of the sun such that 90 % of the signal events were accepted. We presented these 90 %
cone-cut angles Ay as a function of the WIMP mass. Heavier WIMPs produce higher energy neu-

trinos and hence have smaller cone-cut angles. This 90 % cone-cut criteria was then implemented
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on the atmospheric neutrino background, wherein the event was accepted or rejected depending on
whether its zenith angle lied inside or outside the cone defined by fyy. Since the cone-cut angle
Oy was found to be different for different WIMP mass, the atmospheric neutrino events accepted
for the analysis was also different for different WIMP masses. Finally, since the sun spends a
specific amount of time on a given zenith angle, we obtained the exposure function of the sun at
the INO site and weighted the accepted atmospheric neutrino events with this exposure function
to get the final reduced atmospheric neutrino background events as a function of the WIMP mass.
We showed that the cone-cut acceptance method reduces the atmospheric neutrino background by
a factor of ~ 100. We presented the signal and background for 777, bb, cE, V1., vV, V-V; and
gg channels for WIMP mass 25 GeV and ogp = 1073° cm? and showed that for the 777~ and
v channels the signal is above the background for most part of the spectrum. For higher WIMP
masses, the signal to background ratio were better.

We defined a x? function for the indirect detection sensitivity of ICAL to dark matter and
presented the expected sensitivity in the ogp — m, and og; — m,, planes for spin-dependent and
spin-independent cross-sections, respectively. The expected 90 % C.L. sensitivity was presented
for 7H77, bb, €, VoD, V.V, V-V, and gg channels for an exposure of 500 kt-yrs of ICAL and
with systematic uncertainties on atmospheric neutrino background included in the analysis. For
a WIMP mass of 25 GeV, the expected 90 % C.L. limit using the 777~ channel with 500 kt-yrs
exposure in ICAL is ogp < 6.87 x 1074 cm? and 057 < 7.75 x 10~* cm? for the spin-dependent
and spin-independent cross-sections, respectively. The effect of systematic uncertainties on the
atmospheric neutrino background was also studied.

Similarly, in Chapter 7, we presented a study on the prospects of detecting muon events at
ICAL due to WIMP annihilation in the earth core. We simulated events arising due to 7+ 7~ and bb
annihilation channels and WIMP masses m, € [10, 100] GeV. Evaporation could be significant for
masses below 10 GeV, resulting in a lower expected signal rates, and hence we have not considered
energies below 10 GeV. Unlike the case of the sun, the signal neutrinos for this case originate only

from the fixed zenith direction viz., the direction of earth’s core, which makes the background
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suppression algorithm slightly easier. Similar to the solar WIMP analysis, 6y, was defined as a
cone cut criterion. However, in this case, fg represents the cone half angle containing 90 % of
the signal events with the axis of cone being fixed in the direction of earth’s centre. This cone-
cut criterion was used to suppress background and the atmospheric neutrinos coming from the
direction of earth’s core represents an irreducible background. We presented the expected event
spectrum for 77~ and bb channels and corresponding suppressed background with 500 kt-years
of ICAL exposure. Using these expected events, x? was calculated for indirect detection sensitivity
and presented the expected sensitivity.

Due to resonant capture of WIMPs close to abundant iron nuclei, the annihilation rate is
greatly enhanced resulting in an increased sensitivity for WIMP mass around 50 GeV. Unlike the
case of sun, equilibrium between the capture rate and annihilation rate has not reached in the
earth, due to which the capture rate has a dependence on (o 4v) besides o5;. We presented the
expected sensitivity upper limits at 90 % C.L. in the og; - (04v) plane for a WIMP mass of 50
GeV. Thereafter, we presented ICAL sensitivity in the og; — m, plane for spin-independent cross-
sections, assuming (o 4v) = 3x107?°cm3s™!. The 90 % C.L. sensitivity limits for [CAL, assuming
100% branching ratio for each channel, are : og; = 1.02 x 10~** cm? for the 777~ channel and
ogr = 5.36 x 10~* cm? for the b b channel, which is stronger than present bounds from other
indirect detection experiments. The sensitivity limits from og; — m, plane were transported to
'y — m, plane and presented for the two considered annihilation channels. A comparison of
ICAL’s sensitivity to og; for the searches in the sun and earth was also presented.

Subsequently, in Chapter 8, we explored the prospect of detecting neutrino fluxes due to
WIMP annihilation in GC. Background suppression followed a scheme similar to that of solar
WIMP analysis. An acceptance cone with a cone-half angle ¥ was constructed, as a function
of WIMP mass and annihilation channel. W, the angular separation of the muon track with GC,
is analogous to fy in the case of the sun. A galactic exposure function containing information
regarding galactic centre’s visibility as a function of zenith and azimuthal angles was obtained and

was used to assign weight to the background events to ensure that they are in the acceptance cone.
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Figure 10.1: The simulation and analysis involved in the indirect searches for WIMP annihilation
with ICAL.

The expected event spectrum at ICAL for different annihilation channels and WIMP masses were
presented and used to calculated expected ICAL sensitivity. The 90% C.L. expected sensitivity
for ICAL in the (ov) - m, parameter space was presented for bb, utp~, 7H7~ and v, v, WIMP
annihilation channels assuming 100 % branching ratio each. Among the channels considered,
the 90% C.L. expected sensitivity limits for v/,7, channel and NFW profile was found to be the
most stringent. ICAL expected sensitivity was found to be better than other indirect detection
experiments like IceCube and ANTARES for the range of m, € (5,100) GeV. The experimental
limits obtained by SK are better than the corresponding ICAL sensitivity limits by more than an
order of magnitude. A comparison of expected sensitivity for various DM density profiles was
also presented. Also shown was the effect of systematics on the expected sensitivity for a given
DM density profile and an annihilation channel. With a better optimisation scheme for the signal
expectation calculation and background suppression, ICAL expected sensitivity could be improved
further. Fig. 10.1 summarises the simulation and analysis involved in the indirect searches for
WIMP annihilation with ICAL.

Finally, in Chapter 9 we studied ICAL’s sensitivity to probe signatures of neutral current NSI
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and its effect on the physics potential of the detector. We defined the relative probability difference
Ag/fé{ for the oscillation channel v, — 3. We showed the oscillograms for A%H and Ale\iH, the two
oscillation channels relevant for the atmospheric neutrinos in ICAL, from which we concluded that
the relative difference A}}l' changes significantly with ¢, compared to its SM value, while A}
is seen to vary sharply with the values of €., and e... The NSI parameter €., is seen to have only
a mild impact. We simulated 1~ and p* events in the ICAL detector in presence of NSI and x?
was calculated. The change in Ax3; was presented assuming NSI to be have a certain true value
in nature. We found that the Axﬁm increases rapidly for e, (true)> 0 and e.,(true)> 0, while it
decreases for €., (true)< 0 and €., (true)< 0 compared to what we expect for standard oscillations.
The impact of the NSI parameter €, is small, however, the Ax%; could vary significantly with
€pr-

This was followed by the discussion of the potential of ICAL in discovering or constraining
NSI. If the case that ICAL was consistent with no NSI in the data, we presented the expected upper
limit on the NSI parameters at the 90 % (30) C.L.. Compared to the current 90% C.L. bounds given
in Egs. (9.3) and (9.4) the expected bounds from ICAL are promising. We next considered the case
where the data at [CAL is consistent with NSI and we gave the expected statistical significance with
which ICAL will rule out the theory with no NSI. We calculated the range of the NSI parameters
that would lead to 90% (30) C.L. discovery of NSI at ICAL. Finally, we presented the C.L. contours
in the two-parameter NSI planes, for different choices of true values of the NSI parameters. In the
presence of NSI, the signal and background event spectrum at ICAL would be modified thereby
affecting ICAL’s sensitivity to indirect searches. However, in this thesis we have not considered
this study.

In conclusion, with an effective atmospheric neutrino background suppression scheme, the
expected 90 % C.L. sensitivity limits from about 10 years of running of ICAL for SD and SI
WIMP-nucleon scattering cross-sections due to WIMP annihilation in the sun and earth are com-
petitive to the most stringent bounds till date. The expected ICAL sensitivity on (c4v) due to

WIMP annihilation in GC are also promising. The other experiments like SK, ORCA and PINGU
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will also offer competing limits for the lighter WIMP masses. Also, bounds obtained on SI cross
sections from direct detection experiments are already very stringent and getting stronger. Simi-
larly, strong limit on (o 4v) comes from photon search limits from observation of dwarf spheroidals
by Fermi-LAT [32]. Nevertheless, detectors like ICAL offer complementary approach using neu-
trinos and hence the study carried out in this thesis should be useful.

Despite an extensive search program encompassing direct, indirect and collider detection ex-
periments, there has been no conclusive signature of WIMP detection. So far, the WIMP paradigm
is being scrutinised through several ultra advanced technologies and with more experimental data
we could have a clearer picture of the nature of dark matter. ICAL is expected to play a role in this
quest for the search of dark matter. The present time is super exciting and the coming decade will

(hopefully) stand witness to new discoveries.
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