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Chapter 5

Thesis Summary

The main goal of the INO-Collaboration is to investigate the neutrino oscillation in the atmo-
spheric neutrinos with the ICAL detector. The ICAL is primarily designed to observe the CC-
interactions of the v, /v,s with the ability to distinguish between the charged leptons, mainly
u and -, which are being produced in the interactions. The research and development pro-
gram is ongoing keeping the ICAL detector in the mind. Several prototype detectors have been
built to study the performance and stability of the RPC detector and electronics. The detec-
tor’s parameters like efficiencies of the RPCs, position and time resolutions of the detector,

strip multiplicities and noise in the detectors, etc. are calculated using these detectors.

The RPCs in the ICAL detector are proposed to operate for more than 20 years. For the
success of the experiment, each of the RPCs used in this experiment will be in operation without
showing any significant degradation of performances during the period of operation. Hence, a
proper leak test has to be performed on all the glass gaps at the time of production as well as
during operation. The method of testing gaps for leakage and quantifying the leak is developed.
The leak-test setups, both wired and wireless, are operational and are being used at various
facilities and industries working along with INO-Collaboration. The test setups have decreased
the average time required per gap significantly. The knowledge gained in this study also gives
us more opportunity to better understand the structural integrity of the glass RPCs against

various atmospheric parameters.
As a part of the ICAL R&D program, a 12 layer stack of 2 m X2 m RPCs has been opera-
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tional at ICHEP, Madurai since the last few years to study the various detector properties. The
cosmic ray data acquired at this stack is studied for charged-particle multiplicity. The charged-
particle multiplicity in the obtained data is compared with the air shower simulation. The main
aim of this study is to test the capability of the cosmic ray simulation packages. It reflects
that the current physics models of interactions at the Earth atmosphere are unable to reproduce
the air showers accurately. The earlier measurements of muon multiplicity which have similar
conclusions along with the present result can be used to improve the parameters of the hadronic
model at high energies and/or cosmic ray spectral index.

A magnetised detector (mini-ICAL) with 10 layers of RPCs also has been operational at
IICHEP, Madurai to study the performance of electronics equipment in the presence of mag-
netic field and to test the event reconstruction algorithms. One of the motivations of the mag-
netised mini-ICAL detector was to estimate the muon charge ratio at Madurai and compare
the result with the theoretical predictions which are very near to the INO site. The cosmic ray
data collected by the detector setup is used to calculate the charge ratio (R) of the number of
u+ to u— arriving at the Earth’s surface. Using the iterative Bayesian Unfolding technique the
momentum spectra is made free of detector bias, and the charge ratio of muons is observed and
compared with the BESS-TeV’02 calculation. From the study, it is seen that the ratio between
u* and yu~ more or less matches in the range of 0.8-3 GeV. The reconstruction of momentum
beyond this energy fails due to the low-energy cutoff in this detector setup, the insignificant
curvature of the tracks created by the particles, poor position resolution of RPCs and limited
number of tracker layers. The result of this study can also be used to improve the hadronic in-
teraction models and for better neutrino flux prediction. This study will also intend to improve

the charge and momentum sensitivity in the ICAL detector.
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SUMMARY

The 50 kton INO-ICAL [1] is a proposed underground high energy physics experiment at
Theni, India (9°57" N, 77°16" E) to study the neutrino oscillation parameters using atmospheric
neutrinos. The Resistive Plate Chamber (RPC) has been chosen as the active detector ele-
ment for the ICAL detector, interspersed with 5.6 cm thick iron plates. Approximately 30000
RPC gaps of dimension 2mx2m will be placed in between the 151 layers of iron plates.
The iron plates will be magnetised up-to about 1.5 Tesla. The detector will be housed in-
side a cavern under a rock overburden of 1km to reduce the atmospheric muon background.
The ICAL will search mainly for v, induced charged current interactions in the iron target.
The primary aim of the experiment is to determine the sign of the mass-squared difference
Am%2 (: m% - m%) using matter effects. The ICAL detector can also be used to probe the value
of leptonic CP-phase (6Cp) and last but not the least to search for physics beyond the standard
model using neutrino oscillations.

The INO Project is proposed to operate at-least for 20 years. Various tests are performed
during and after production of the RPCs to arrest the ageing of RPCs. The RPCs are going
to be operated in avalanche mode with a gas mixture of R134a (95.2%), 1so-C4H( (4.5%) and
SF¢ (0.3%). During the active operation of the ICAL detector, ~200,000 litres of the gas mix-
tures will be circulating inside the 30,000 RPCs. Any contamination leaking inside the RPCs
as well as leaking of the gas mixture outside, can affect the performance of the detector. Due
to this, a proper leak test has to be performed on all the glass gaps at the time of production
as well as during operation and a proper gas monitoring system for the Closed-loop System
has to be implemented to detect impurities in the gas-mixture during operation. The leak-test
setups, both wired and wireless, are operational and are being used at various facilities and
industries working along with INO-Collaboration and with the help of the prepared document
even a novice can test a large number of RPCs in a short time. The knowledge gained in this
study also gives us more opportunity to better understand the structural integrity of the glass
RPCs against various atmospheric parameters.

As apart of the ICAL R&D program, a 12 layer stack of 2 m X 2 m Resistive Plate Chambers

(RPCs) with an inter-layer gap of 16 cm has been operational at IICHEP, Madurai since the



26 Summary

last few years to study the cosmic ray muons. The data obtained by this setup is also used
to study the flux and angular distribution of muons with the help of an extreme air shower
(EAS) simulation program and detector simulation program. To further test the capability of
the Simulation Packages, the charged-particle multiplicity in the obtained data is compared
with it with the air shower simulation. The results of the current study reflect that the current
physics models of interactions at the Earth’s atmosphere are unable to reproduce the air showers
accurately. The earlier measurements of muon multiplicity which also showed more muon
multiplicity in data along with the present result can be used to improve the parameters of the
hadronic model at high energies and/or cosmic ray spectral index.

The study of atmospheric muon charge ratio (R,l = N+ /N,,—) is important to the measure-
ment of the neutrino flux precisely, alongside the relevant information in the composition of the
primary cosmic rays and the different mechanisms of particle physics. One of the main aspects
of ICAL detector is to distinguish between the u* and u~ passing through the magnetised iron
medium, which in turns helps in determining the mass-hierarchy of the neutrinos. As a part of
the ICAL R&D program, a magnetised detector (mini-ICAL) with 10 layers of RPCs has been
built and operational at ICHEP, Madurai situated near the INO site. Being a scale-down model
of the ICAL detector, the mini-ICAL is being studied as the prototype of the magnetised ICAL.
The cosmic ray data collected by the detector setup is also used to calculate the charge ratio
(R) of the number of u* to u~ arriving at the Earth’s surface. The testing of the reconstruction
algorithms is also another motivation behind this study. By comparing the result from cosmic
ray data with extreme air shower (EAS) simulation, this study also signifies the ability of the
magnet in identifying the charge of the particle. From the study, it is seen that the ratio more
or less matches in the range of 0.8-3 GeV with BESS-TeV’02 calculation [2]. A new detector
setup, named as Engineering Module is going to be built in the near future with 20 layers of

RPCs where the momentum should be reconstructed up-to ~12 GeV.



Chapter 1

Introduction

In this chapter, we are going to recapitulate the concept of the neutrinos (v) and the experimental
milestones placed so far on the path of understanding of this elusive particle. This chapter
also focuses briefly on the India-based Neutrino Observatory (INO), an effort to dive into the

mysteries of the neutrinos.

1.1 Neutrinos

The road to the neutrino[3], even though the existence of it was unknown at the beginning,
started with the discovery of radioactivity by Henri Becquerel in 1896[4], followed by the iden-
tification of the S-particle by Ernest Rutherford in 1899[5]. After that, it took almost 30 years to
establish the fact that the energy spectrum of the electrons emitted in the S-decay is continuous,
confirmed with the results published by Charles Drummond Ellis and William Alfred Wooster
in 1927[6]. In 1929, Meitner and Wilhelm Orthmann verified the results published by Ellis and
William with improved apparatus[7], and then Meitner wrote to Ellis, “We have verified your
results completely. ...... . But I do not understand this result at all.”’[8] To explain the continuous
energy spectrum of the electron in the g-decay, in 1930, Wolfgang Pauli’s ‘desperate way out’
was the suggestion of a very light, neutral and spin !/, particle emitted along with the electron
that became known as the neutrino. This did not contradict with the law of energy, momentum
and spin conservation. Convinced by this, Enrico Fermi incorporated the putative neutrino into

a successful theory of S-decay. Finally, in 1956, Frederick Reines and Clyde Cowan delivered

27



28 1.1. NEUTRINOS

the experimental evidence of the existence of the neutrino (or the Poltergeist, as Reines called
it) by observing the inverse S-decay, p +V, = e* + n, in the high neutrino flux near a reactor[9].
The discovery of the v, and v, were made at the Brookhaven National Accelerator Laboratory
in 1962[10] and at the DONuT collaboration in 2000[11], respectively.

The neutrinos are the second most abundant particles in the known universe, after the pho-
ton. They are till now known to exist in three different flavours, verified experimentally in
e*e -collisions[12], named the electron neutrino (v,), the muon neutrino (v,l) and the tau neu-

trino (v,).

1.1.1 Neutrinos in the Standard Model

The Standard Model (SM) of Particle Physics, formulated by S. Glashow, S. Weinberg and
A. Salam, represents the descriptions of the elementary particles and the fundamental forces
in nature (except gravitational force)[13, 14, 15]. The model is based on SU (2) x U (1) gauge
theory which speculated the existence of the weak neutral currents[16]. The discovery of the
neutral current neutrino interactions in 1973 by the Gargamelle experiment at CERN deliv-
ered the validation of the Standard Model[17, 18, 19], which is also confirmed by Fermilab
independently[20]. According to the SM, the fundamental building blocks of the observable
universe are made of 12 fermions with spin % (6 leptons and 6 quarks) and their anti-particles.
The fermions interact between each other via 4 gauge bosons with spin 1 which are called
as carriers of interactions. These particles were discovered in various experiments around the
world. The most interesting discovery which relates directly to the neutrinos is the measure-
ment of the invisible decay width of Z boson, performed accurately by the LEP experiment at
CERN[12]. This measurement has constrained the number of neutrino flavours to three with
satisfactory uncertainty.

According to the Standard Model, all the fermions acquire masses via the Higgs mecha-
nism. A fermion mass term thus must require a coupling of the left-handed and the right-handed
fields. As the neutrinos have left-handed helicity and the anti-neutrinos have right-handed he-
licity, the SM neutrinos are massless and they favour leptonic number conservation. However,

the neutrino experiments have strongly settled the phenomenon of the neutrino flavour mix-
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ing (also called as the neutrino oscillations) which confirms the masses of the neutrinos to be
non-zero. Hence, the understanding of the mechanism via which the neutrinos gain masses,
as well as the neutrino oscillations are beyond the scope of the Standard Model. Therefore,
the neutrinos are very crucial objects to solve the puzzles of the new physics lying beyond the

Standard Model.

1.1.2 Neutrino Interactions

The neutrinos are weakly interacting particles, which means that they only interact via W=
and Z° bosons and the interactions are called charged-current (CC) and neutral-current (NC)
interactions, respectively. As the W* and Z° are much heavier members in the family of inter-
mediating particles, the “week interactions” which means that the probability of interaction is
very less.

In CC interactions, the neutrino exchanges charge with a nucleon via W* and turns into a
charged lepton associated with the neutrino. When a high energetic neutrino interacts with the
nucleons, the gluons inside the nucleons also takes part in the interactions, which leads to the
productions of one or many hadrons, apart from the charged lepton. Unlike CC interactions,
the charged leptons are absent in the final state in the case of NC interactions. In an experiment,

the presence of the charged leptons in the final state distinguishes between CC and NC events.

1.1.3 Sources of Neutrinos

The neutrinos are produced at numerous different sources, both man-made and natural, over
a wide-range of energy. The estimated abundance of neutrinos from different sources can be
found in the Figure 1.1.

The neutrinos in the energy range of ueV to meV or the so-called “relic” neutrinos are
understood to originate at the big-bang nucleosynthesis [22]. The neutrinos originated in the
sun[23], the supernovas, the the Earth[24, 25] and the nuclear reactors are of the energy range
of keV to MeV. The neutrinos, being produced by the interaction of cosmic rays with atmo-
sphere, have energies ranging from MeV to TeV. The neutrinos produced at supernova rem-

nants, gamma-ray bursts, active galactic nuclei and from interactions of ultra-energetic cosmic



30

1.1. NEUTRINOS

=10*
2100 |
- d Cosmological v
10°T
i 10 | Solar v
~
L Supernova burst (1987A)
D108
5 . i Reactor anti-v
210° | \_
1 F Background from old supernovae
10°
108 F Terrestrial anti-v
1012 : Atmosphericv
-16 |
10 i v from AGN
-] 0 -20
L Cosmaogenic
10 24 : N
103}
1 1 1 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1 1 1 1 1
10 1073 1 10° 10° 10° 10" 10" 108
peV  meV eV keV MeV GeV TeV PeV EeV

Neutrino energy

Figure 1.1: Predicted flux of neutrinos from different sources [21].

rays with cosmic microwave background occupy the higher range of energies.

A few sources being studied in the different experiments are discussed in the following.

e Solar Neutrinos: The sun is the most abundant source of the electron neutrinos. The

Standard Solar Model (SSM)[26] predicts the production of the neutrinos to be occurring
through the exothermic nuclear fusion at the core of the sun mainly in two processes: (i)

proton-proton (pp) cycle and (ii) carbon-nitrogen-oxygen (CNO) cycle.

The Solar neutrinos detected at the Earth serve as the direct telescope to the core of the

sun.

Atmospheric Neutrinos: The atmosphere of the Earth is exposed to high energetic pri-
mary cosmic rays originating in outer space. These cosmic rays consist of mostly pro-
tons with a smaller fraction of higher Z-Nuclei elements[27]. The energy spectrum of
the primary cosmic rays follows a power-law, E~7 where v ~ 2.7 for sub-TeV energy
and 3 for beyond. The incoming cosmic rays interact with the constituents of the atmo-
sphere producing showers of secondary particles. The secondaries are consisting mainly

of pions (T(i’o) and kaons (K*). The neutral pions mainly decay via electro-magnetic in-
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teractions, 7 — 7y + y whereas the charged pions decay to muons and neutrinos via
weak-interactions, 7° — u* +v, and 7~ — u~ + ¥,. The resultant muons may also decay
into electrons and neutrinos, u* — e* + v, + v, and u~ — e~ + ¥, + v,. The kaons
also decay to muons and neutrino and to pions in different branching fractions, but this
contribution to the atmospheric neutrino flux (®) is small compared to the pions. The
production of (v;) is negligible in the atmosphere as the production needs mesons with

heavier quarks.

The ratio, R, between N, (oc (] (V,J) + O (17#)) and N, (ec @ (v,) + @ (v,)) 1s predicted to be
around 2, near the surface of the Earth. The value of R increases with energy as muons

with high energy reach the surface of the Earth before decaying.

The plentiful atmospheric neutrinos, for its wide range of energy and for being ‘cost-

free’, are very important in the field of neutrino research.

¢ Reactor Neutrinos: The fission reactions of heavy nuclei like U?*, U?*, p?° P! etc.
produce ¥, through the process of S-decay in the reactor cores. As the reactor neutrinos
derive their energy from these fission reaction, the energy of these v,s are in the MeV

range, typically within 2-3 MeV with a significant tail till about 8 MeV.

The high flux of neutrinos near a reactor provides a brilliant experimental scope of study-
ing the properties of neutrinos. So, the importance of the reactor neutrinos dates back to
the experiment by Reines and Cowan which provided the first experimental evidence of

the existence of the neutrinos.

e Accelerator Neutrinos: Accelerator neutrinos are produced at large scale particle accel-
erators. When a high energy proton beam collides with a heavy nuclei target, a bunch of
pions and kaons are produced. These pions and kaons eventually decay into neutrinos,
electrons/muons and mesons. There are long shields placed before the detector to filter
the mesons from the neutrino beam. Mainly, v,;s and v, are produced at the accelerators,
but the beam may get contaminated by the production of v, and v, from the decay of a
certain fraction of kaons. By the selection and manipulation of the beam of pions and

kaons, proper control on neutrino type and energy can be achieved, making the accelera-
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tor neutrinos one of the vital source for the detailed study of neutrino phenomenon.

1.1.4 Neutrino Oscillations

The pioneer work by Bruno Pontecorvo was neutrino-antineutrino oscillation[28, 29]. The neu-
trino oscillation in the two generations was first proposed by Maki, Nakagawa and Sakata[30].
The neutrino oscillation is of great theoretical and experimental interest as it implies that neu-
trino has non-zero mass, which leads to modification of the Standard Model of particle physics.
The neutrino oscillations occur due to the mixing of the flavour eigenstates and mass eigen-
states of neutrinos. The visual flavour eigenstates (|v,) ; @ = e, u, T) can be expressed as a linear
combination of the mass eigenstates (Iv ;) withmass m; j = 1,2, 3) as shown in the following

equation.

Va) = " Usjlv)) (L.1)
J

The unitary mixing matrix, U, called the PMNS matrix, is named after Pontecorvo, Maki,
Nakagawa and Sakata. The mixing of three flavours of neutrinos can be defined with 3 mixing
angles and 6 phases. Five of the phases can be absorbed into fermion fields in the Kobayashi-
Maskawa mechanism[31]. Only one phase has an effect which leads to CP Violation in neutrino
oscillations. In the case of neutrino being a Majorana particle, two more phases are introduced,

although the measurement of neutrino oscillation is not sensitive to the Majorana phases.
The mixing matrix with mixing angles (6, 6»3 and 6,3), mixing phase (6cp) and Majorana

phases (a»; and a3;) is represented in the following,

1 0 0 C13 0 S13€_i5CP C12 S12 Off1 0 0

ian

Uprmns = |0 Cr3 8§23 0 1 0 —512 c12 Ol10 e 0 (1.2)
i 23
0 —823 (23 —513€°F 0 C13 0 0 1{{0 0 e ?2
Atmospheric (623~48°) Reactor (613~8.5°) Solar (61,~34°)

where, cjx = cos @ and sj = sin 6.
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The time evolution of the states in equation 1.1 is given by the following equation,
Vo 0y = D Uje ™ v)) (1.3)
J

where, E; is the energy eigenvalues correspond to the vacuum propagation Hamiltonian (Hy).

The probability of oscillating from the flavour state v, to the state v is given in the following
equation,

2 * * —i(E;j—
Py, (1) = (sl ) = )" U U Uiy Ugee™ B0, (1.4)
/’k

If v, = vg, then P is called the ‘survival probability’, and ‘oscillation probability’ if otherwise.

The equation 1.4 also can be expressed in the following form,

= Amy L

>k
Am? L
+2 > 5|U,,Up akuﬁk]sm( o ) (1.5)
>k

where, Am’, = m? —my, L s the total distance travelled and E is the neutrino energy.

The oscillation probability for the anti-neutrinos thus given by

Am? L
Prysy (L) = 605 =4 " R| U3 U UaiUp | sin? [ / )

- AE
Amsz
+2 > 5|Us,Up akUﬁk]sm( o ) (1.6)
>k

The equations 1.5 and 1.6 show that the neutrino oscillations can only exist if the masses
of neutrinos are non-zero. It is also seen that the real parts of the equations 1.5 and 1.6 are CP

invariant. So, the CP asymmetry can be interpreted as,

' Am?kL
Py (L) = Py, 5, (L) = 4; UajUp;Usy Upe| sin 2E (1.7)

It is to be noted that the equation 1.7 does not provide any resolution about the sign of the

Amiks or the absolute values of m;s.
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e Neutrino Oscillations in Matter

When neutrinos pass through matter, then probabilities of oscillations can also be altered due to
the ‘matter-effect’. The neutrinos face coherent forward scattering with the electrons, protons
and neutrons present in the matter [32]. The potential arising due to this effect modifies the

vacuum propagation Hamiltonian (H), affecting the mixing of neutrinos.

This phenomenon of altering neutrino flavour during propagation in the matter was intro-
duced by Mikhaev, Smirnov and Wolfenstein (MSW)[33]. The v,.s have both CC with electrons
and NC elastic scattering interactions with electrons, protons, neutrons present in matter, but
the v,s and v,s have only NC interactions with matter. In matter, the number of protons and
electrons are the same, thus their contributions in neutral current are cancelled out. The po-
tential V¢ is experienced by all three flavours. The additional CC interactions account for an

extra potential Vcc. Hence, the matter Hamiltonian is given as,

H, =Hy+ Vg, (1.8)

where, V,, is represented as,

Vi = 0 Ve 0| (1.9)
0 0 Vnc
where, Voe = V2Ggn, and Ve = —‘/%GFn,, are called the effective potentials. Here, n, and

n, are the number densities of electrons and neutrons, respectively and G is the Fermi cou-
pling constant. The normalised eigenvectors of the diagonalised matter Hamiltonian form the
modified mixing matrix. Thus, the effective mass-squared differences and mixing angles can
be computed in matter. If two flavour mixing is considered, the matter affected mass-squared

difference (Am,zn) and mixing angle (6,,) are given by,

Am? sin 26
tan 26,, = ——" > and Am?, = \/(Am2 c0s20 — A + (Am?sin20)>  (1.10)
Am?cos 26 — A
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where, A = 2 \/EGFneE for neutrinos and A = -2 \/EGFneE for anti-neutrinos. Here, some

points are to be noted.

e Assumption of n, — 0 in the equation 1.10 makes the matter affected mass-squared dif-
ference and mixing angle the same as those are in the vacuum. This means that the values
of the mass-squared differences and the mixing angles from vacuum remain unchanged
in matter.

e If n, » oo and 6 # 0, then 6,, — 7. Hence, even if the vacuum mixing angle is very
small, maximum mixing of neutrino can be observed in matter.

e When A = Am? cos 26, then the value of 6,, goes to 7. This phenomenon is called the
MSW resonance effect. The neutrinos going through MSW resonance have the maximal

probability of changing its flavour. Depending on whether the value of Am? is positive or

negative, the resonance occurs for the neutrinos or anti-neutrinos, respectively.

For three flavours mixing or in the case of non-uniform matter density, the oscillation probabil-
ities are required to be calculated numerically.

The survival probability of solar neutrinos and predicted by MSW theory and confirmed
by several experiments [34, 35, 36, 37, 38, 24]. The positive sign of 6m§1 was confirmed
from the observation of resonance oscillation of solar neutrino, but the sign of Amg2 18 still
unknown. Thus, two different mass-ordering of the neutrinos are possible: (i) m; < m, < mj3
called as normal hierarchy (NH) or normal ordering (NO) and (ii) m3 < m; < m;, called

inverted hierarchy (IH) or inverted ordering (10O).

1.1.5 Status of Neutrino Oscillations Parameters

Many experiments worldwide are in constant effort to improve the best-fit values of the oscilla-
tion parameters. The detailed summary on the oscillation parameters from the global analysis,
updated in 2018, can be found in [39].

The best-fit values of mixing angles are reported as 6, ~ 34°, 6,3 ~ 48° and 6,3 ~ 8.5°

along with the mass-squared differences as Am3, ~ 7.5 X 107> eV?, |Am§l| ~25x103eV2!

'Please refer to [39] for the current accepted/updated values of the oscillations parameters with the uncertain-
ties.
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The global analysis have found preference for the value of 6¢p in the range between  and 27
at more than 40[39]. The current combined analysis prefers the octant of 8,3 to be the second
octant, slightly. Most interestingly for the first time, the global analysis favours the normal

mass ordering over the inverted one at 3.407[39].

1.1.6 Study of the Atmospheric Neutrinos

Unlike the reactor-based or accelerator-based neutrino experiments, the atmospheric neutrino
detectors are not limited by the fixed-length (L) between the detector and source of neutrinos
or by the narrow range of energy (E). The detectors for atmospheric neutrinos are usually
built under a depth of the Earth’s surface to reduce the cosmic muon background. Thus, the
distances travelled by the neutrinos detected in these detectors vary up-to a distance equivalent
to the Earth’s diameter (~ 12000 km) after being produced in the atmosphere. Moreover, the
energy of the atmospheric neutrinos ranges from hundreds of MeV to TeV. This qualifies the
atmospheric neutrino detectors to study the neutrinos over widely varying baselines ranging

upto the diameter of the Earth.

There have been two types of detectors commissioned in atmospheric neutrino research,
till date; water Cherenkov detectors and tracking calorimeter detectors. The INO-ICAL which

belongs to the latter type is discussed in the next section.

1.2 The India-based Neutrino Observatory

The India-based Neutrino Observatory (INO)[1, 40] is a multi-institutional effort to build an
underground laboratory to study atmospheric neutrinos. The proposed observatory will be lo-
cated at West Bodi Hills near Pottipuram Village (9°57'36” N, 77°16’24” E). The detectors
will be housed inside several caverns with an overburden of ~1 km rock in order to reduce the
background due to cosmic muons produced along with the neutrinos. One big cavern will en-
case the Iron CALorimeter (ICAL) along with several small caverns facilitating a few daughter

experiments.
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1.2.1 Physics Aspects of INO-ICAL

The ICAL is primarily designed to observe the charged-current interactions of the v, /v,s with
the ability to distinguish between the charged leptons, mainly u* and x~, which are being pro-
duced in the interactions. This ability gives ICAL advantage to study matter-effect in details and
hence to determine the neutrino mass ordering. The baselines of ICAL vary up-to ~ 10000 km
with wide range of energy from hundreds of MeV to TeV, which also makes ICAL suited for

precise measurement of atmospheric oscillation parameters.

1.2.2 The ICAL Detector

The ICAL detector, with a target medium of ~ 50 kton iron, is a magnetised calorimeter de-
signed to detect the charge and momentum of the leptons, mainly u*, produced by the CC
interactions by v, /v, with detector volume. The Resistive Plate Chamber (RPC) has been cho-
sen as the active detector element for the ICAL detector, interspersed with 5.6 cm thick iron
plates. Approximately 30000 RPC gaps of dimension 2m x2m will be placed in between
the 151 layers of iron plates. The iron plates will be magnetised up-to about 1.5 Tesla. The
dimensions of the detector are 48 m, 16 m and 15 m. A schematics of ICAL is shown in the

Figure 1.2. A few important constituents of the ICAL detector are discussed below.

e The Resistive Plate Chamber

The RPC is basically a gas based parallel-plate detector[41]. The basic components of RPC
are shown in the Figure 2.1. The RPC is constructed using two parallel plates of glass having
a bulk resistivity of the order of 10'°-10'> Qcm with a gas gap of 2mm. Uniform spacing
between two glass plates is maintained using button spacers. Ideally, the whole chamber has to
be leakproof. The outer surfaces of the glass plates are made conductive using graphite coating
to form the electrodes where high voltages can be applied. The signal is readout by copper
pickup panels on both sides of the RPC. In ICAL detector, the RPCs are going to be operated
in avalanche mode with a gas mixture of R134a(95.2%), iso-C4H;¢ (4.5%) and SF¢ (0.3%).
R134a gas acts as a target for the ionising particles passing through the gas gap. The iso-C4Hj

absorbs the photons emitted in the recombination processes limiting the formation of secondary
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Figure 1.2: A Schematics of the ICAL detector[40].
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Figure 1.3: Schematic of a Resistive Plate Chamber.

avalanches. SFg, being an electronegative gas, localises the signal in a small area to have better
position resolution.

During the active operation of the ICAL detector, more than 200,000 litres of the gas mix-
tures will be circulating inside the 30,000 RPCs. To achieve this, a closed-loop gas circulation
system (CLS) is designed whose main purpose is to recirculate the gas mixture, minimising
wastage of gas which reduces the operational cost.

The RPCs are good charged particle detectors with detection efficiency greater than 95 %.
Descent detection efficiency along with the time resolution of ~ 1 ns makes the RPC an excel-

lent component of a tracker-type detector. Also the RPC is cheaper and requires less mainte-
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nance than other detectors used in this field of study. Hence, it is advantageous to deploy RPCs

in a large scale experiment.

e The ICAL Magnet

The iron layers in ICAL serves a dual purpose; as the target for the neutrinos and to carry the
solenoidal magnetic field in the detector[42]. The iron carries a magnetic field up to 1.5 Tesla.
The particles produced by the interactions of the neutrinos with iron layers propagate in a
curved path through the detector. The curvature of the propagation delivers information about
the charge and momentum of the propagated particle.

The ICAL is divided into three modules as shown in the Figure 1.4(a). Each of the modules

1Y=16m

3.0 cm thick ron plate

T 4 cmair gap for RPC
detector

X=16m

Figure 1.4: (a) A Schematics of the ICAL Magnet and (b) Horizontal Projection of the Magnetic
field[42].

will have two vertical slots cut into the module to accommodate the winding of the current-
carrying copper coils. The style of the winding makes each of the modules ‘shell-type’[43]
magnets, thus making the magnetic field toroidal. The horizontal projection of the magnetic

field is shown in the Figure 1.4(b).

1.3 Prototype Detector

As the part of the ICAL R&D program, several prototype detector stacks have been built to

study the long term stability and performance of the glass RPC detectors using cosmic muons.



40 1.3. PROTOTYPE DETECTOR

The design, fabrication and characterisation of large-size glass RPCs have already been exam-
ined and reported[44]. One of the stacks was built at the IICHEP transit campus in Madurai
which is shown in the Figure 1.5. This setup is also used as the test-bench for the data acqui-

sition system (DAQ) schemes which are going to be used in ICAL detector. The stack is made

Figure 1.5: Detector Stack with 12 Layers of 2 m X 2m RPCs.

of 12 layers of 2m X 2 m RPCs with an inter-layer gap of 16 cm.

The detector stack is used intensively to study various properties of the RPCs like strip
multiplicities, detector efficiency, detector noise rate, position resolution, time resolution, etc.
The stack also allows us to study the cosmic ray muons near the equator of the Earth. The data
of the cosmic muons collected using these detectors are analysed to study a few important as-
pects of cosmic rays. These include the flux of the cosmic ray muons at Madurai[45], magnetic
rigidity cutoff for the primary cosmic rays at Madurai, particle multiplicity of secondary cosmic
rays at the surface, etc. All of the knowledge gained by studying the data obtained using this
detector stack is used as the input parameters for the most realistic Monte-Carlo simulations of

the ICAL detector.
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1.4 minilCAL

Various tests to study the performance of the magnet assembly are also performed. To study
the magnetic field in the detector and the performance of the electronics in the presence of
magnetic fringe-field, a detector of the size of ~ 1/600 times of ICAL, named minilCAL, is
built at IICHEP transit campus in Madurai. The detector consists of 11 layers of soft iron
plates of thickness 5.6 cm with an interlayer gap of 4.5 cm. The detector is magnetised using
two copper coils with 18 turns each up-to 1.5 T. The RPCs are placed in the interlayer gaps.
The magnetic field profile inside the iron plates is simulated using 2D Simulation with the
help of MAGNET®6.26 Software[46]. To validate the result from the simulation, the actual
measurement of the magnetic field is carried out at several strategic locations of the detector
using the help of pick-up coils and hall probes. The atmospheric muon data is recorded in
minilCAL and analysed in order to study various detector components. The performance of
the RPCs and the supporting electronics are assessed under the influence of the magnetic field.
The atmospheric muons passing through the detector leave tracks in the RPC layers. In the
presence of the magnetic field, the muons follow curved trajectories. A suitable reconstruction
algorithm is developed to extract the momentum and directional information of the muons from
each event. The charge-dependent momentum information of the muons is computed from this
and compared with simulation. This current measurement along with the existing phenomeno-

logical models can be used to improve the estimation of neutrino flux at the INO Site.

1.5 Chapter Summary

The chapter starts with the brief history of the neutrinos followed by the status of the neu-
trino oscillations in the global picture. The INO project is then discussed along with its aim
to contribute vital physics towards the understanding of neutrinos. A brief discussion is fol-
lowed afterwards on the RPCs which are being considered as the sensitive detector in the ICAL
detector. The construction and the physics potential of the ICAL detector is then discussed.
Simultaneously, the scope of the present thesis along with the prototype detectors are high-

lighted.
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Quality Control of RPCs

The Resistive Plate Chamber (RPC) is chosen as the sensitive detector of the ICAL. The ICAL
requires approximately 30000 RPCs to function at its full capacity. The INO Project is proposed
to operate for at-least for 20 years. All the RPCs thus must operate without showing any
significant ageing during the period of operation. Hence, various tests are performed during

and after production of the RPCs.
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Figure 2.1: Schematic of a Resistive Plate Chamber.

The RPCs that are going to be used in the ICAL are made of glass. The two glass plates,
kept at a uniform distance of 2 mm using the help of poly-carbonate buttons, are sealed from
four sides to create a leak-tight gas-gap. Both of the outer sides of the gap are coated with
semi-resistive graphite paint to form the electrodes where the high voltages can be applied. A
mixture of gas is then flown inside the gap via strategically placed nozzles. In the ICAL, the

gas mixture is composed of R134a(95.2%), iso-C4H( (4.5%) and SF¢ (0.3%).! The R134a acts

1R134a is a commercial name of 1,1,1,2-Tetrafluoroethane.

43
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as the target medium for the incident particles. The electrons emitted in the ionisation process
initiated by the passing particles create an avalanche under the influence of the applied electric
field. The induced signal of the avalanche is then detected by two copper pickup panels on both
sides of the gap. The iso-C4H;( act as a photon-quencher which absorbs the emitted photons in
the recombination process limiting the formation of secondary avalanches. On the other hand,
the SF¢ being an electro-negative gas acts as an electron-quencher which localises the signal
within a small area yielding better position resolution.

During the up-time of the ICAL detector, more than 200000 litres of the gas mixture will
be circulating inside the 30000 RPCs. A closed-loop gas circulating system (CLS) is designed
for this purpose whose main aim is to recirculate the gas mixture, minimising the wastage of
gas. The CLS and the plumbings operate at much higher pressure than the atmosphere, but the
RPCs are proposed to be operated at an excess pressure of just 10 mmWC above atmospheric
pressure. Thus the RPCs pose an additional challenge of keeping the CLS free of contamination
because of this little pressure barrier. The leakage of outside atmosphere into the system will
introduce water vapour and oxygen inside the RPCs which can increase the risk of damaging
the RPCs[47, 48]. The fluorine present in the RPC gas mixture can produce hydrofluoric after
reacting with the water vapour during the avalanche. The hydrofluoric acid which is corrosive
to glass can damage the inside surface of the gas gaps. On the other hand, the oxygen being
an electro-negative in nature can affect the performance of the detector. Due to these reasons, a
proper leak test is required to be performed on all the glass gaps during the production as well as
the time of operation. Moreover, the impurities in the CLS also needed to be monitored during

the operation of ICAL.

2.1 Leak Test of RPCs

To estimate the leakage, the RPC is first pressurised up-to 45 mmWC above the atmospheric
pressure and then sealed.> The pressure inside the RPC is monitored over a long period. The

schematics of a typical leak test setup is shown in the Figure 2.2. A conventional choice of the

2Millimetres water column, abbreviated to mmH,0 or mmWC, is a unit of pressure. It is the pressure required
to support a water column of the specified height. | mmWC =~ 0.098 mbar.



CHAPTER 2. QUALITY CONTROL OF RPCS 45

Manometer

Gas cylinder

Figure 2.2: Schematics of a typical leak test setup.

sensor to monitor the pressure inside the RPC is the manometer setup as shown in Figure 2.2.
Now, the limitation of leak rate estimation using the manometer comes from its observable
quantity. The manometer measures the difference between two pressures (AP), the atmospheric
pressure (Prpc) and the RPC pressure (P,y,), which can be widely affected by the change of
the atmospheric pressure, the room temperature and the volume of the chamber. Hence, the
estimation of leak rate using a manometer is only valid in two scenarios, (i) if the atmospheric
pressure, the room temperature and the volume of the chamber are kept constant and/or (i1) if
the leak rate is very large.

But both the atmospheric pressure and room temperature are constantly affected by the
solar atmospheric tides and changes in weather. * In the following, it will be established
that the volume of the RPC gaps also changes with the variation of the ambient pressure and
temperature. Moreover, if the leak from the RPCs is very small then it is nearly impossible to
detect.

Hence, a different leak test method along with the test setup is developed to overcome the
aforesaid limitations. The setup and technique discussed in the following not only helps to
determine whether the RPC is leaking but also allows to estimate the magnitude of the leakage.
As the number of the RPCs needed to be tested is large, the setup is required to be simple,

portable and cost-effective. The method is also able to test multiple RPCs simultaneously

3The solar atmospheric tides are generated by the periodic heating of the atmosphere by the Sun. This regular
diurnal cycle in heating generates tides in the atmosphere that have periods related to the solar day.
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Figure 2.3: Schematics of the ‘standalone’ leak test setup.

without moving them out of the storage area, which thus limits the possibility of damage to the

fragile large glass gaps.

2.1.1 Defining the Leak Rate of RPCs

As per the Poiseuille’s law[49], the laminar flow rate of a fluid through a leak path is given in

the equation 2.1.

(Flow Rate) = (Leak Constant) X (Effective Pressure Difference) 2.1)

where, the Leak Constant depends on the path of leakage (i.e. crack, hole, etc) and the viscosity
of the gas mixture. The Leak Constant quantifies the leakage in the system. The setup and
techniques to calculate the Leak Constants for the gas gaps are discussed in the following.
Assuming that the leakage from an RPC is very small, it allows the flow of gas through
the leak path to be considered as laminar flow. Also, the variation of ambient pressure and
temperature does not affect the viscosity of the gas significantly. The equation 2.1 thus can be

used for the case of RPCs.

2.1.2 Experimental Setups

The schematics of the ‘standalone’ leak-test setup is shown in the Figure 2.3. In this setup,

instead of measuring the differential pressure using the conventional manometer, the absolute
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(a) Leak Test Module. (b) Raspberry Pi B & Power Supply Module.

Figure 2.4: Leak Test Setup.

pressure and temperature inside and outside of the gas gap are measured using the sensor mod-
ule, BMP180 manufactured by BOSCH[50]. The BMP180 is a piezo-resistive sensor having
an accuracy of 0.7 mmWC and 0.05°C in the measurement of pressure and temperature re-
spectively. This sensor is capable of recording data samples for the minimum time interval of
76 ms. The leak test module is shown in the Figure 2.4(a). Each of such modules will record
the pressure and temperature for one gas gap. The pressure and temperature data recorded by
the module is readout using a Raspberry Piv2 B (Pi) unit[51] shown in the Figure 2.4(b). The
data is stored on the on-board memory of the Pi unit. As shown in Figure 2.4(a), each module
has two bus ports. This allows to daisy-chain several leak test modules and can be controlled

from a single Pi unit.

The common bus mainly consists of Power, Data and Address lines. To avoid the voltage
drop in the supply line over a long distance, 9 V DC is supplied from the Pi End and converted
to the required voltage at each test module. A 4-bit DIP switch is used on each module to set
a unique address for itself. The Pi acquires the data from each station by selecting its unique
address. So, only one test module is allowed to communicate with the control unit at a time.
As 4-bit address lines are used in this setup, a maximum of fifteen gas gaps can be tested
simultaneously. The system is scalable to handle more gas gaps simultaneously, by simply
adding more address lines. One of the leak test modules are dedicated to record the ambient

pressure and temperature for the test duration.

The data from the BMP180s can also be acquired without wires by microcontrollers equipped

with WiFi modules (i.e. NodeMCU module[52]), eliminating the need of the wired common
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Figure 2.5: Schematics of the WiFi-based leak test setup and one of the test-modules (in the
inset).

bus and Pi Unit. One such setup is shown in Figure 2.5. This setup requires an operational
WiFi network at the premises to send the data to a computer on the same network. If the net-
work is connected to the internet, then the data can be stored at any remote location also. The
test-modules, being low-power devices, can also be powered with small power banks which
makes it hugely advantageous while being used at large warehouses. Also, the elimination of
the long wires makes this setup immune to electromagnetic interference from other sources.
Though this setup is not ‘standalone’, it is truly scalable which can handle any number of RPC

gaps being tested without changing any of the basic design elements.

In the current setup, the pressure and temperature data from each sensor along with the at-
mospheric pressure and temperature data are recorded continuously with a specified interval of
3 seconds. The final data recorded for a gas gap include the values of the ambient pressure and
temperature, the gas gap pressure and temperature and the time stamp for each measurement.

The method to quantify the leakage using these data is discussed in the section 2.1.4.

2.1.3 Detection of Button Pop-Ups

The structural stability of the RPC is maintained by the polycarbonate buttons. However, it is

observed that sometimes the glue which is used to attach the buttons to the glass plates, fails
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Figure 2.6: Variation of pressure difference with time showing button pop-ups.

to hold under pressure which results in detaching of the buttons from the glass plates.* This
weakens the structure of RPC. Also during detector operations, this will increase the spacing
between the glass plates, thus decreasing the effective electric field resulting in reduced signal
strength. Also, for any working RPC, the glue used to attach the buttons to the glass plates must
continue to hold under pressure. For any RPC gas gap, even if only one button is not attached,
that glass gap will not be suitable to hold more pressure as eventually the glue for more and
more buttons will give away, making the gas gap weaker. Hence, it is essential to detect any
‘button pop-up’ events during the leak test.

With each ‘button pop-up’ event, the volume of the RPC gap increases which in turn results
in a decrease in the pressure inside the gap. Thus the pressure difference between the outside
and inside of the gap decreases. In the plot of pressure difference with time, this effect will
be observed as a sudden drop in the pressure difference. The Figure 2.6 shows the variation
of pressure difference with time for an RPC where there are ‘button pop-up’ events. It can be
observed in the figure that there are three ‘button pop-up’ events (pointed by arrows) in this RPC
and also seen that these ‘button pop-up’ events result in a decrease in the pressure difference
within a very short time. These events cannot be detected with conventional manometers unless
the pressure is recorded continuously using a precise differential pressure sensor. Hence, the
apparatus, described in the current paper, is very helpful in detecting the ‘button pop-up’ events

during the test.

It is also to be noted that the method to quantify the leakage discussed in the following, fails

“Hereafter such an event is referred to as ‘button pop-up’.
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if the data includes button-pop event(s) in it.

2.1.4 Leak Rate Calculation

The variation of temperature of the gas gap and variation of pressure in the gas gap as well as

atmosphere respectively with time are illustrated in the Figure 2.7(a) and 2.7(b). The periodic
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Figure 2.7: (a) Variation of temperature (Trpc) with time, (b) Variation of atmospheric

(P : Black) and RPC (PrpC : Red) pressure with time, (¢) Amount of gas in the RPC with
time assuming V. = 6.3 litres for sample RPC gap-1.

variation of the atmospheric pressure shown in the Figure 2.7(b) is called the Solar Atmospheric
Tide. It can be observed that the pressure inside the gap is following the trend of atmospheric
pressure. This implies that the volume of the gap changes with the change of atmospheric

pressure. The change in room temperature also affects the pressure inside the RPC, again
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affecting the volume of the RPC gap. This change of the volume during the leak test poses the
main difficulty in calculating the leak rate.
Now, from the Ideal Gas Law, the amount of gas (n), inside a chamber of volume V, can be

calculated at time 7 using the following equation,’

Pr |Vr |
Papclr = —I‘;T’ l‘:” 2.2)
rpc

where, R is the ideal gas constant having the value 8.314 Jmole™! K~!. From the dimensions
of the gas gap, the volume of the RPC is estimated to approximately 6.3 litres. Taking this into
consideration, the amount of gas inside the gap can be calculated using the equation 2.2. The
Figure 2.7(c) shows the apparent variation of the amount of gas within the gap with respect
to time. The instantaneous leak rate of a gap can be quantified as the slope of this plot at any
particular instant.

To estimate the absolute leak rate, Poiseuille’s equation for compressible fluids[49] is used.

The Poiseuille’s equation of Leak Rate at time ¢ for compressible fluids is given in the equation

2.3,
2 _ p2
dnrpc _ C Prpclt Patmlt 23
= Leak X I —— ( . )
dr p S~ 2P rpelt
flow/leak constant
flow/leak rate effective pressure difference

where, Cp..x depends on the path of leakage (i.e. crack, hole, etc) and the viscosity of the
gas mixture and it quantifies the leakage in the system.® The Figure 2.8 shows the leak rate

dngpe

(T) which is calculated from Figure 2.7(c) as a function of the effective pressure difference

(M) 7
P )"

According to the equation 2.3, it is expected to behave like a straight line passing through
the origin with the slope (Cp..x) quantifying the leakage in the system but the observed distri-
bution is not a straight line. Also, the gas gap under test is sealed from the inlet. Hence, no
more gas is getting filled but the Figure 2.7(c) shows an apparent increase in the amount of gas

inside the gap. This discrepancy is appearing as the change in the volume of the RPC is not

S All the values of P, V and T are converted suitably to calculate the value of 7 in mole.

The viscosity of the gas is assumed to be constant over the small changes of room temperature during the
test period. In case of large changes in temperature, the changes in the value of viscosity are also needed to be
considered.

"t is assumed that mole ~ 22.4 litres for better visualisation.
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accounted for in the calculation. Now, as the change in the volume of the RPC gap cannot be
measured directly during the test period, a different approach is adopted.
To compensate for this change in volume, the volume of the RPC gap at time ¢ is represented

by the equation 2.4,

Vrpc|t = Vrpc X (1 — X7 (Trpclt - Trpclt:O)) X (1 — Xp (Patmlt - Patmlt:O)) (24)
——

Approx. Volume  Cgrrection for Temperature Change Correction for Pressure Change

where, Typc—0 and Pym—o are equal to Ty, and Py, at time 7 = 0, respectively.® Assuming that
the change in volume is linear in both the atmospheric pressure and the room temperature, two
independent linear correction terms (xp and x7) are introduced.” Using the equation 2.4 in the

equation 2.2, the ny, 1s represented in the equation 2.5.

V C P clt
nrpclt = (?rp) (T:))qz) (1 - Xr (Trpclt - Trpclt:O)) (1 - Xp (Patmlt - Patmlt:O)) (25)

Now, in order to calculate the n, for the test period using the equation 2.5, it is required
to find the suitable values for the correction factor, xp and xy. The value of these correction
factors are found (or minimised) against the plot in the Figure 2.8. The method to find the

values is described below.

a. For a chosen combination of values of x; and xp, ny,. is calculated using equation 2.5 and

8Suffix ‘atm’ denotes the measurements acquired from atmosphere.
Present method of estimation of leak cannot handle change in volume caused by ‘button pop-up’ event during
the period of leak test.
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then is plotted against time.

dnrpc VS Przpc_Pg
dt

b. The plot of T = is then prepared using the plot described in the process [a].

c. The same plot is then fitted with a straight line and y?/ndf is calculated.

d. The processes [a—c] are repeated for different combination of x; and xp, and y?/ndf’s are
obtained for each combination. The y?/ndf values for each combination of x; and xp are
shown in the Figure 2.9. For a particular combination of x; and xp, the x?/ndf will be

minimum which is shown in the Figure 2.9.

0.4 0.3 0.2 0.1 0 0.1 0.2 0.3 0.4
X, in K*

digpe Ple—Pl for diff ¢
o VS 2P or differen

Figure 2.9: y?/ndf values of the straight line fit for the plots of
combinations of x7 and xp for sample RPC gap-1.

e. In order to reduce the uncertainties at the minimum y?/ndf, the procedures [a—d] are re-
peated for multiple iterations with subsequently smaller range of x; and xp to obtain the

final values.

In the current case of sample RPC gap-1, the correction terms at minimum y?/ndf are found
to be

xr =-323x 102K " and xp = 7.83 x 107> mmWC™".

The negative value of the x; denotes that the volume of the gas-gap increases with increase

in room temperature and the positive value of the xp denotes that the volume of the gap de-
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creases with increase in atmospheric pressure. In both cases, the values do not contradict with
the Ideal Gas Law. After including the best-fit values of x; and xp in the equation 2.5, the

amount of gas inside the RPC gap (nrpc) against time is shown in the Figure 2.10. It can be
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Figure 2.10: Amount of gas in the RPC before (Black) and after (Red) correction for sample
RPC gap-1.

noted in the Figure 2.10 that the apparent increase of gas amount seen earlier without the cor-

rection is resolved after applying the volume correction. The effect of the volume correction

. dnppe P2.-P2. . . . .
also can be observed in the plot of Z‘f vs —5=—== in the Figure 2.11 which follows a nice
rpc

straight line as expected from Poiseuille’s equation.

°

C)in ml/hours
li) o NN

nrp
dt
L

C(:

|III|III|III|IlI|III|III|III|I

Before Volume Corretion

-lIII|III|III|III|III|III|III|I

(%]
é -8 o After Volume Corretion
~ —10| 1 ] R T T N TR sy miali
S 0 10 15 20 25 30
- p2,_-p?
Effective Pressure Difference %ﬁm in mmWC
rpc
. dngpe Pr2 C_Pgm :
Figure 2.11: :’h" vs —5-—= plots before (Black) and after (Red) correction for sample RPC
rpc
gap-1.

The value of Cp ., calculated from the Figure 2.11 is

Cleak = — (6.73 £ 0.007 (stat)) x 1072 ml hour™! mmWC™".

The negative value of Cp., implies that the leakage of gas is from inside to outside, which
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again agrees with the value of the pressure difference. Now, if this RPC gap is kept under a
constant pressure difference of 20 mmWC, then it would leak a total of 1.442 mmol or 32.3 ml

gas in 24 hours. This RPC gap thus can be tagged as leaky.'?

The Figure 2.12 and 2.13 show the test results for another RPC gap (namely, gap-2). From

the Figure 2.13, the value of Cp .y for this RPC gap is estimated to be

Cleak = — (5.1 £ 0.15 (stat)) x 107* ml hour ! mmWC™".

In this case, the total leak would be 10.93 yumol or 0.245 ml of gas within 24 hours if a constant

19The accepted value of the leak rate is greater than -0.02 ml hour™! mmWC™! and detailed are given in the
section 2.2.
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Figure 2.14: Leak rate estimation for data sets of different length for gap-1 and and gap-2.

pressure difference of 20 mmWC is maintained. The leak from this RPC gap is much smaller
than the one discussed earlier.

One of the aims of this study is to estimate the optimum (or minimum) time required for
calculating the leak rate satisfactorily. As seen in the Figure 2.7, the duration of the test is
about 20 hours. Several calculations of the leak rate (Cp.,) are performed starting with the
same data set, but up-to different lengths. In the Figure 2.14, the value of Cp ., for different
duration of data is plotted. For RPC gap-1, it can be observed that a minimum of 7-8 hours

is required to estimate the leakage without significant uncertainty. This method requires a

2
pc -P atm

2Prpe

dnrpc

significant amount of data to fit the Vs plots in order to get proper results. Hence,
the minimal time required for a test will depend on the quantity of the leakage and also the
environmental conditions during the test. If the leak rate is very small then more time is needed.
In the case of RPC gap-2, it can be observed from Figure 2.14 that about 7 hours is required to

estimate leak rate with an uncertainty of ~ 2 X 10~ ml hour™' mmWC™!, but about 15 hours is
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Figure 2.15: (a) Systematic error with data sets with length of 25 hours, (b) Variation of relative
systematic error with length of data.

needed to have a result with uncertainty less than ~ 2 x 10~* ml hour™! mmWC™!,

It would also be noted that the calculation of Cy . directly depends on the value of V.. The
relative error in measurement of V. will directly propagate to the relative error in calculation

of CLeak~

2.1.5 Systematic Error

A well defined method should be able to reproduce the same result in a repeated test under
different test conditions. The success of this procedure depends on the periodic changes of
ambient pressure and temperature which are largly unpredictable. To estimate the systematic
error in the estimation of Cy ., one of the RPC gaps is tested for 48 hours. Several data samples
of equal duration have been generated from this large data sample and ‘Cp.,’s are estimated in
each case. The Figure 2.15(a) shows the distribution of the estimated ‘Cy.,’s for data samples
of the duration of 25 hours. The relative width of Cj., for the different duration of time
is presented in Figure 2.15(b), which is considered a systematic error of this measurement.
For a longer duration it is about 3.1%. As expected, it can be observed that by lengthening
the test duration, the relative systematic uncertainty in the measurement of Cp., decreases

significantly.
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2.1.6 Result of the Tested RPC Gaps

The set-up and the procedures described in this chapter have been used to test eighty RPC gaps.

The results of these tests are summarised in the Figure 2.16 and general findings are listed here.
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Figure 2.16: (a) x7 values of eighty RPC gaps, (b) xp values of eighty RPC gaps, (c¢) Correlation
between minimised values of x; and xp for eighty RPC gaps, (d) Cp, of eighty RPC gaps with
calculated values of x7 and xp, (€) Cr., of eighty RPC gaps with mean values of x; and xp, (f)
Correlation between Cy ., obtained by both calculated and mean values of x; and xp for eighty
RPC gaps.

e The correction parameters depend on the structure of each of the RPC gaps. The values
of x7 and xp should ideally be the same for similar type of RPC gaps, but it is almost im-
possible to manufacture inch-perfect replicas. Any gap with popped up button spacers(s)
(‘button pop-up’ is discussed in Section 2.1.3) will also reflect higher values of these two
parameters. This causes the spread in the values of x7 and xp which can be seen in the
Figure 2.16(a) and 2.16(b), respectively.

e The minimised values of x7 and xp for a gas gap are two independent parameters. As
expected, it can be seen in the Figure 2.16(c) that there is no correlation between these

two parameters for eighty RPC gaps which were tested.
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e The Figure 2.16(d) shows the values of Cp ., for eighty RPC gaps where the values of xr
and xp are calculated explicitly for each RPC gap. The Figure 2.16(e) shows the same

but with the mean values of x; and xp obtained from 2.16(a) and 2.16(b), respectively.

e Figure 2.16(f) shows correlation between Cj ., obtained by calculated x; and xp values
explicitly for each chamber (shown in the Figure 2.16(d)) and by mean x7 and xp values
(shown in the Figure 2.16(e)). The nature of correlation is direct. So, mean values of xr

and xp can also be used for a quick calculation saving CPU time.

2.2 Chapter Summary

The method outlined above can give a quantitative estimation of the leak of an RPC with
higher precision and in much less time compared to what may be obtained using a conven-
tional manometer. This method can be used for any kind of sealed chambers other than RPC
where the structure of the chamber is prone to deform due to variation in ambient pressure and
temperature. As discussed in the reference [53], it is possible to eliminate the effect caused by
ambient temperature by the use of an enclosure where the temperature is controlled precisely
in case of abrupt and/or irregular changes in ambient temperature, causing difficulties in the
calculation of volume correction factors. It should be noted that the minimum time required
for a test will depend on extent of the leakage. If the leak rate is very small then more time
is needed, but most of the gaps were possible to be tested within 7-8 hours with an accuracy
of ~ 2 x 10> mlhour”! mmWC™!. Currently, a gas gap is considered as usable if its Cpq
value is greater than —0.02 ml hour”! mmWC~!. If the RPCs are operated at an excess pres-
sure of 10 mmWC above atmospheric pressure, the total leakage from ICAL detector will be
approximately 6 litres/hour during its active operation.

The leak-test setups, both wired and wireless, are built and tested. The setups are now being
used at various facilities and industries working along with INO-Collaboration. With the help
of the prepared document, even a novice can test a large number of RPCs in a short time. The
difficulty in handling a glass RPC increases significantly with its size. As the present method

does not require the RPC to be moved during the tests. Also, the knowledge gained in this
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study gives us more opportunity to better understand the structural integrity of the glass RPCs
against various atmospheric parameters.

The work presented in this chapter is published in [54].



Chapter 3

Study of Particle Multiplicity of Cosmic
Ray Events using 2 m X 2 m Resistive Plate

Chamber Stack at IICHEP-Madurai

One of the main notions of the INO Project is to collaborate with Indian Industries in order
to streamline the production and the procurement of various components as well as the RPC
detectors. Transfer of technologies and experiences in between industries and research teams
is the key aspect of this effort. An experimental setup consisting of 12 layers of glass Resis-
tive Plate Chambers (RPCs) of size 2 m X 2 m has been built at ICHEP-Madurai (9°56’14.5” N
78°0'47.9” E, on the surface) to study the long term performance and stability of RPCs pro-
duced on large scale in Indian industry. This setup has been collecting data triggered by the
passage of charged particles. The data is analysed to understand the behaviour of the RPCs as
well as the electronics used to run and collect data from the setup. The data is also utilised to
gain knowledge of the cosmic ray muons reaching the surface of the Earth. The measurement
of the multiplicity of charged particles due to cosmic ray interactions are presented here. The
results are compared with different hadronic models of the CORSIKA simulation. The data
collected near the magnetic equator gives us vital information regarding the capabilities of the
simulation packages. As the current experimental setup is located within 81 km from INO-Site

and nearly at the same latitude, in depth analysis of this data also improves the prediction power
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of the Monte-Carlo simulations of neutrino events for this project.

3.1 Cosmic showers at the Earth surface

The upper atmosphere of the Earth gets a large dose of exposure of high energy primary cosmic
rays originating in outer space. These primary cosmic rays consist of mostly protons with
a smaller fraction of higher Z-Nuclei elements[27]. The angular distributions of the primary
cosmic rays are more or less isotropic at the top of the atmosphere. The energy spectrum of
the primary cosmic rays follow the power-law, dN/dE « E~7, where y ~ 2.7. The shower
of secondary particles consisting mainly of pions (ﬂ'i /710) and kaons (K*) which are produced
due the interactions of primary cosmic rays with atmospheric nuclei. The neutral pions mainly
decay via electro-magnetic interactions, 7° — y +7y whereas the charged pions decay to muons
and neutrinos via weak-interactions, 7 — u* + v, and 7~ — u~ + v,. The kaons also decay
to muons, neutrinos and to pions following different branching fractions. Most of the pions
and kaons decay in flight and do not reach the Earth’s surface. A small fraction of resultant
muons decay into electrons and neutrinos, u* — e + v, + vV, and u~ — e~ + v, +v,. The y, e*
do not reach the detector directly as they interact with the roof of the laboratory and generate
electromagnetic showers. Thus, muons are the most abundant charged particle from cosmic ray
showers detected in the present setup. These atmospheric muons are produced at high altitude
(average height of 20 km) in the atmosphere and lose almost 2 GeV energy via ionisation loss
in the air before reaching the ground. The density of charged particles (mainly muons) per unit
surface area at the Earth’s surface depends on the composition of primary cosmic ray, power-
law parameter (y) as well as the model of hadronic interactions at high energy which is not
accessible in the laboratory.

The principal aim of this work is to observe the charged-particle multiplicity in the atmo-
spheric muon data collected at ICHEP, Madurai and compare it with the air shower simulation.

In this study, the detector setup has been described in the Section 3.2. The Monte-Carlo
simulation techniques used to study the multiplicity has been explained in Section 3.3, where

primary cosmic ray interactions are simulated using the CORSIKA Package[55] and interac-
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tions of the particle with detector material are simulated using the GEANT4 toolkit[56].

3.2 Detector Setup

The RPC stack used in this study was in operational at ICHEP, Madurai consisting of 12 RPCs
stacked horizontally with an inter-layer gap of 16 cm is shown in Figure 3.1 where the X-axis of

the detector is making an angle of —10° with the geographic south. An RPC gap is made of two

Figure 3.1: The detector stack with 12 layers of RPCs where the X-axis of the detector is
making an angle of —10° with the geographic south, (left) experimental setup and (right) Geant4
detector geometry of stack.

glass electrodes of thickness 3 mm with a gap of 2 mm between them. Uniform gap between
these two electrodes is maintained using an array of 2 mm thick poly-carbonate buttons. The
glass gap is sealed on the outer edges to make it air-tight. A non-flammable mixture of gas
is continuously flown inside the glass gaps via strategically placed nozzles. This mixture of
gasses serves as the active medium of the detector. The RPCs are operated in avalanche mode.
In this case, the mixture of gases consists of R134a (95.2%), iso-C4H;( (4.5%) and SFg (0.3%).
Both the outer surfaces of the glass gap are coated with a thin layer of graphite. The RPCs
are operated by applying a differential supply of ~ +5kV to the graphite layers to achieve the
desired electric field. A small variation in applied HV is due to the variation of gain in different
RPC. The target gas inside the RPCs gets ionised by the transit of charged particles. This

ionisation eventually evolves into an avalanche in the presence of the high electric field between
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the glass electrodes. The avalanche in the RPCs induces signals in the two orthogonal pickup
panels placed on both sides of the glass gaps labelled as X-side (bottom) and Y-side (top). The
pickup panels are made of parallel copper strips of width 28 mm with 2 mm gap between two
consecutive strips. The RPCs used in this detector stack are of the size of 1790 mm X 1890 mm.
There are 60 strips on the X side and 63 strips on the Y side for each layer.

The induced signals from the pickup strips are amplified and discriminated by a charge
sensitive NINO[57] amplifier-discriminator board. Only in layer 11 (topmost layer), ANUS-
PARSH ASIC[58] which is a CMOS, 8-channel, high speed, low power amplifier-discriminator
designed for avalanche mode of operation for RPCs is used to study its performance. The dis-
criminated signals from these boards are passed to the FPGA-based RPCDAQ-board. The
individual signals from every 8" strips are ORed to get pre-trigger signals (SO to S7), which
are passed to the Trigger system module via Signal Router Board. The four-fold coincidence is
done for X- and Y- sides independently in the Trigger Logic Boards. The Global Trigger is then
generated by the Global Trigger Logic Board (GTLB) by ORing the coincidences formed in X-
and Y-side. The trigger scheme of the detector setup contributed by 4 RPC layers is illustrated

in the Figure 3.2.

P
Layer A~
x-Side < Coincidence
Global
Trigger
LayerBrrrrrrrerrnreeensanannaanaaaanns
LayerCrsrrrrrrrrsssssssseneeeeeeeeenns
LayerDssrrrrrrrrrssseseeeeeeeeeeeeanns
N T T

Figure 3.2: Trigger Scheme of the Detector Setup.

The hit signals in the RPCDAQ board stretched to 1 us to overcome trigger latency of 770 ns

from Trigger System to RPCDAQ. Based on the arrival of trigger signals to RPCDAQ, the event
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signals are latched and sent to the Data Concentrator and Event Builder via Network Switch.
The trigger system’s ‘dead-time’ is set at 500 ns after generation of a trigger to process and store

the triggered event. The flow of signals in the detector setup is shown in the Figure 3.3. The
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CAM - Control And Moniror
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Concentrator Builder Control Trigger Monitor

Figure 3.3: The Flow of Signals in the Detector Setup.

detailed description of signal processing and the Data Acquisition system (DAQ) can be found
in [59]. The present work is based on the coincidence of pre-Triggered signals from layers 4,
5, 6 and 7 within a coincidence window of 100ns. While the layers in the middle portion of
the detector are used to form the trigger, the layers in both the top and bottom portions of the
detector also contributes in forming an event, which in turn maximises the length of the track
in the detector.

The stretched signals get latched for recording when the trigger reaches the RPCDAQs.
Ideally, the signals occurring only within the coincidence window should get latched. But for
this setup, the signals for any other particles as well as noise occurred outside the coincidence
window may also get recorded due to stretching of the hit signals and trigger latency. A gen-
eralised timing diagram of an event which includes the hits from two particles is shown in the
Figure 3.4 to illustrate this. If a particle, generating the trigger, has passed through the detector
at time ¢, then all other signals within the period of ¢, to #; + 770 ns also get recorded due to
the trigger latency of 770 ns. On the other hand, the signals generated within the time period

t;1 —230ns to ¢, also get recorded as well but only in the following situations.
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Figure 3.4: Timing diagram of an event.

e Case 1: The hits generated by the other particle did not satisfy the trigger criteria.

e Case 2: The hits generated by the other particle satisfied the trigger criteria, but failed to
generate a trigger as it occurred within the ‘dead-time’ of the trigger system.

e Case 3: The hits generated by any of the particles in the event did not satisfy the trigger
criteria individually. But hits generated by both particles altogether satisfy the trigger

criteria.

An event typically contains hit information (one logic bit per strip indicating the signal in
that strip) for each strip and 16 time signals for each layer; 8 for X-side and other 8 for Y-side.
One TDC (Time-to-Digital Converter) channel with least-count of 0.1 ns records time signals
coming from every alternating 8" strips (SO to S7). Approximately 250 millions of cosmic ray
events recorded in the detector during the total observation period between August 23, 2017 to

September 8, 2017 with a trigger rate of ~230 Hz are used for the analysis.

3.3 Monte-Carlo Simulation

The Monte-Carlo Simulation for this study has been executed in two stages. The Extensive Air
Shower (EAS) has been simulated by the CORSIKA simulation package[55]. The information
of daughter particles generated by the EAS at the Earth’s surface level has been extracted and
used as the input data to the detector simulation. The detector simulation has been executed

with the help of the GEANT4 toolkit[56].
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3.3.1 Extensive Air Shower

The CORSIKA (COsmic Ray SImulations for KAscade) is developed to study the evolution
of the EAS in the atmosphere created by primary cosmic ray. Though the CORSIKA has
been developed initially for a specific experiment, this package is now developed into a tool
that is used by many groups studying cosmic rays and EAS. In the current study, existing
extrapolations of hadronic interaction models of high energy particles in the EAS are based on
various theoretical models, which have large uncertainties. The current experimental data at
the collider experiments is insufficient to verify the extrapolation of the hadronic interactions
at very high energies. In the CORSIKA package, several different hadronic interaction models
are available. In this study, for simulating the behaviour of hadrons for higher energy range, the
QGSIJET (Quark Gluon String model with JETs)[55] has been adopted and for the low energy

range (less than 80 GeV in laboratory frame), the GHEISHA model has been used.

In this study, the primary cosmic ray shower has been simulated using the CORSIKA(v7.6300)
Package. The energy of the primary rays in the CORSIKA is generated using the power-law
spectrum, E~27, within the energy range of 10-10°GeV for different primaries (H, He, C,
O, Si and Fe). The zenith and azimuth angle of the primary cosmic particles are generated
uniformly within the range of 0-85° and 0-360°, respectively. The rigidity cutoff due to the
Earth’s magnetic field has been implemented as per the location of the detector. The minimum
energy cutoffs for secondary hadrons, muons, electrons and photons in the simulation are kept
at 50 MeV, 10 MeV, 1 MeV and 1 MeV, respectively. These cutoff values are much smaller than
the minimum momentum cutoff for the charged particles in the vertical direction, ~ 110 MeV,
which is mainly due to 22 cm of concrete roof of the building where the detector is housed.
The momentum spectra of secondary charged particles generated by the CORSIKA simulation

is shown in the Figure 3.5.

The secondary particles generated by the CORSIKA which are reaching the observation
surface are provided as an input to the detector simulation. The observation plane has been
divided into squares of the size of 2m X 2 m which is shown in the Figure 3.6. An event is
formed using the information of the particle(s) reaching to each of these squares shown as

shaded region in the Figure 3.6.
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Figure 3.5: CORSIKA generated momentum of secondary particles at observation level.

3.3.2 Detector Simulation

The detector simulation has been accomplished using the GEANT4(v4-10.0.2) toolkit. The
events generated in the CORSIKA simulation are propagated event-by-event in the detector
simulation. A realistic depiction of the detector setup including the building where the detector
is housed has been constructed in the GEANT4 environment. The materials of the various de-
tector components and the laboratory buildings are chosen based on the knowledge of the setup.
The uncertainty of the material budget is taken as a systematic error. The physics processes of
matter-particle interactions like electromagnetic, ionisation, decay and hadronic interactions
(QGSP_BERT_HP), which are available within the GEANT4 toolkit[56] are considered in the

simulation.

The various detector parameters (efficiency, noise, strip multiplicity and resolution) are cal-
culated using the cosmic rays passing through the detector stack. The current setup is a tracker
type detector consisting of 12 layers of RPCs. When one layer of the setup is studied for the
detector parameters, the rest of the layers in the setup serve as the tracker for the passing par-
ticles. Since the layers forming the coincidence cannot be studied for the detector parameters,
the data sets with two more different trigger combinations (using layers 1,2,3,4 and 7,8,9,10 to
form coincidences) of the duration of one day, are used in order to study all the RPCs in the

setup.

The efficiency of a RPC gap is defined as the probability of getting a signal from a RPC
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Primary Cosmic Ray ——

Particle Shower

Figure 3.6: Shower of particles initiated by primary cosmic ray reaching observation surface.

when a particle has passed through it. Each of the RPC detectors can be divided into a matrix of
pixels of size 3 cmX 3 cm. The efficiencies of each of the pixels are calculated and represented
as the efficiency map for each of the RPCs. The track(s) of the particle(s) in an event is fitted
with the straight line by excluding the RPC layer being studied from the fit. For each pixel in
that RPC layer, the total number of particles passed through it is estimated from the extrapolated
position in that layer. The ratio of the number of events with valid hit signal in X- (or Y-) strips
of that pixel to the total number of particles passed through it is taken as the efficiency for
the X- (or Y-) side of that pixel. The noise in a RPC is defined as the hits occurred farther
from the expected position of the passing particle. The strip multiplicity profile is defined as
the probability of sharing signal between neighbouring strips with respect to the hit position
from the centre of the strip. The strip multiplicity is discussed in the next section. A detailed
study of these parameters are presented in [45]. The efficiency map, noise and strip multiplicity
profile for one of the RPCs in the stack is shown in the Figure 3.7. These observed detector
parameters are included in the digitisation stage of the detector simulation. Both the events from
the observed cosmic ray data and the detector simulation are reconstructed using an algorithm

based on Hough Transformation which is discussed in the next section.
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Figure 3.7: (a) Efficiency, (b) Noise and (c) Multiplicity profile of Y side of Layer-2 RPC gap.

3.4 Event Reconstruction and Data Selection

For the event reconstruction, the strip hits are analysed separately, in the 2-dimensional projec-
tions namely, X—Z and Y-Z sides. During the passage of a charged particle through a RPC gap,
the number of strips on which signal is induced depends on the gain of the gas gap. This shar-
ing of the induced signal between the neighbouring strips is the main reason for the observed
strip multiplicity shown in the Figure 3.7(c). In order to prepare the events for this study, the
consecutive strips which have recorded signals are clubbed together to form a cluster. During
the study, the position resolution is calculated for different strip multiplicities of 1, 2, 3, and 4
and the values observed are ~6 mm, ~8 mm, ~12 mm and ~22 mm respectively. The position
resolution for strip multiplicities more than four is larger than the pitch of the strip (3 cm). So
in this study, the clusters of hits with more than 4 multiplicities are neglected as the position
resolution for higher multiplicities is found to be the worst. A layer which has more than 15
strip hits and/or more than 10 clusters is tagged as ‘noisy layer’ and not considered in the track
reconstruction. The first criterion has been chosen near the maximum number of possible hits if
4 tracks pass through a RPC. In fact, the maximum number of tracks reconstructed in an event
is 4 which is discussed in the Result section. The second criterion is set at the first criterion di-
vided by the average strip multiplicity (~ 1.5) in the detector stack to reject noisy events passed
through the first criterion. An event which has more than 3 noisy layers is considered as ‘noisy
event’ and discarded. This criterion is set at 3 layers which is 25% of maximum layers available
for the event reconstruction. This criterion has been set by considering both the performance

of the reconstruction method and number of events lost due to this criterion.

In the first step of track reconstruction, the clusters associated with different tracks are found
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and grouped using the method of Hough Transformation[60, 61]. The equation of the straight

line, used to find the association between the hits, is given as,

r=2zcosf+ x(/y)siné. (3.1

The r-6 plane (also called as Hough Space) is populated using the concept of Cellular Automa-
ton [62]. For a sample event shown in the Figure 3.8(a), the populated r-6 plane is presented

in the Figure 3.8(b). The advantage of using Cellular Automaton technique is the significant
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Figure 3.8: (a) Projection of an event in the detector and (b) populated r-6 plane using this
event.

reduction of computation time to find a trajectory in the event. This method can detect all the
tracks avoiding the noise hits as shown in Figure 3.8(a).

The tracks identified using the Hough Transformation are then fitted by a straight line given
by the equation,

x(/y)=mz+c (3.2)

where m and c are the slope and the intersect, respectively. The number of detector layers in
the fit and y?/ndf of the fit are shown in the Figure 3.9(a) and 3.9(b) respectively. A track is
considered as properly reconstructed if the y?/ndf is less than 10 and there are more than 4
layers in the track. The reconstruction efficiency is defined as the ratio of the number of events
with at-least one reconstructed track to the total number of triggered events. The reconstruc-

tion efficiency as a function of time is shown in the Figure 3.10. It can be observed that the



72 3.4. EVENT RECONSTRUCTION AND DATA SELECTION
- @ 107 4% (®)
0.25:— A Data A Data
2 oob v Simulation g v Simulation
8 r g 10_2 =
O u O =
o = ° =
goasp [
g g
5 01 510°F
=z r zZ =
0.05 §
¥ 107 :
o] " P I T P IS S P R = R B R SR PSRN RPN At
4 5 6 7 8 9 10 11 12 0 2 4 6 8 10 12 14
Number of Hit Layers X2/ndf
Figure 3.9: (a) Number of hit layer and (b) y?/ndf of straight line fit.
o 83— . . . A ™ . . .
Z B Y ‘.-‘,v\v"-‘,'-."xi ..'-:vn:.:-\ :Pﬁ-t‘*"-'o\- e .:».r-" A e By ".t.é}‘ %‘rg" ,‘;,.‘ Sy ‘;‘_,.-.'f'.‘
3 82 | . ,‘\“. . ;‘:.-‘: -._ . H ,‘ “‘: o A-
c s . . . .
o : . - "
£ 81— 2 s
o . B
X ".
g 80— .
n L
- | 1 1 1 1 1 1 | 1 1 1 1 1 | 1
08/24 05 08/31 05 09/07 05

Time in MM/DD HH

Figure 3.10: Variation of reconstruction efficiency of the detector with time.

reconstruction efficiency varies periodically with time which is correlated to the variation of
the ambient pressure and temperature due to the solar atmospheric tides [54]. But this peri-
odic change in the reconstruction efficiency does not affect the relative ratio of the multiple
track events. The pure multiple track events are ~0.01% of triggered events. Out of the total
triggered events, also 67 % of events are due to noises and hadronic showers initiated at the
roof. An extreme shower event (which can also be due to the noise) shown in the Figure 3.11
can also imitate a multi-track event. Any such ambiguous events are rejected by the selection

criteria used in the study discussed in the following.

The zenith and azimuth angle distributions of the reconstructed tracks are presented in
the Figure 3.12(a) and 3.12(b), respectively. The projections from both the X-Z and Y-Z
planes are combined to produce the final 3-dimensional track(s). Any ghost tracks formed
while combining are discarded by using the timing information recorded for each strip. The

events of interest for this study are the events with more than one reconstructed 3-dimensional
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Figure 3.11: Example of an extreme shower event.
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Figure 3.12: (a) Zenith and (b) Azimuth Angle of cosmic rays reaching the detector stack.

track. The distribution of the time separation between each pair of reconstructed tracks for
both the simulation and data are shown in the Figure 3.13(a). In the case of data, it can be
observed that there is a significant number of events where multiple particles are reaching the
detector with large relative time delay. The random coincidence of particles originating in the
different cosmic showers is the cause for these events. The random coincidence of particles
from different cosmic showers are absent in the simulation as only one shower is simulated at a
time in the CORSIKA. So the following procedure is adopted to reject the random coincidences

from the events which have been initiated by the same showers.

In the simulation, it is observed that the particles originating from the same shower are de-

tected in the RPC stack as the parallel tracks. This can be verified by calculating the skewed
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Figure 3.13: Time separation of two tracks for (a) all events and (b) for events with only parallel
tracks.

angle between each pair of tracks reconstructed in an event. The value of skewed angle is ide-
ally supposed to be zero in case of the parallel tracks, but due to the finite size of the strip width
and multiple scattering the distribution of skewed angle has finite width and tail. The distribu-

tion of the skewed angle between the each pair of tracks reconstructed from both the simulation

and data is shown in the Figure 3.14(a). Now, only the parallel tracks are of the importance in
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Figure 3.14: (a) Skewed angle between two tracks originating outside of the detector, (b)
Skewed angle difference between generated and reconstructed tracks fitted with triple-Gaussian
function.

this study because of their same origin. In order to define the parallel tracks reconstructed in
this detector setup, good understanding about the resolution of the skewed angle is necessary.
To understand the application of the skewed angle, events with multiple particles are simulated

in the GEANT4. The skewed angle (sge,,) between the generated pair of tracks in an event is
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calculated using their generated directions. The skewed angle (s,..,) between the same pair
of tracks is estimated from the track reconstruction also. The distribution of the sine of the
difference of the skewed angle between the generated particles and the skewed angle between
the reconstructed tracks, defined as the sin (sge,, - smco), is shown in the Figure 3.14(b). This
distribution is fitted with the triple-Gaussian function. The three components of these angular
resolutions (o, 071, 0,) represent the cases, where (0) no multiple scattering happened for the
pair of tracks, (1) one of the tracks has gone through multiple scattering and (2) both the tracks
have gone through multiple scatterings in the detector medium or in the roof of the building
where the detector is housed, respectively.

Based on these observations, a pair of tracks with a skewed angle less than 2.5° (= 307)
are considered as parallel to each other. All the pairs of tracks present in a reconstructed event
have to comply with this selection criteria. Thus, in the current study, only the parallel tracks
are considered to select the events generated due to the particles originating from the same
cosmic ray shower. The time difference between a pair of tracks for both the simulated and
observed data after the criteria of parallel track selection is shown in the Figure 3.13(b). It can
be observed that the events from the random coincidences disappear after rejecting the events
with non-parallel tracks.

The particles, originated in the interaction of the secondary particles with the detector
medium or the roof are also not parallel to the interacting particles as shown in the Figure 3.15.

This skewed angle criterion rejects these events as well.

3.5 Results and Discussions

In the present work, the event direction is presumed as a mean direction of all individual tracks
in an event. In the study, the clustering of events towards any specific region in the sky was
not observed for the data recorded in the detector, which can be confirmed by the Figure 3.16.
Also, no significant modulation of the fractions of multiple track events was observed during
the period of observation irrespective of periodic changes in trigger rate. Hence, the assump-

tion of the uniform distribution of the cosmic ray directions which are used in the CORSIKA
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Figure 3.15: Events where the secondary cosmic ray interacted with the detector medium and
roof generating multiple particles.

simulations are justified by the absence of anisotropy in the data.

The total number of events with at least one reconstructed track in it is approximately
206 millions. The normalised fraction of the events containing 2, 3 and 4 tracks with respect to

single track events are calculated to be 6.35+0.05x107>, 5.82+0.53x1077 and 1.94+0.97x1078,

respectively from the cosmic ray data.

The normalised fraction of the events containing 2, 3 and 4 tracks are also calculated from
the CORSIKA simulation for different types of cosmic primaries (H, He, C, O, Si, and Fe) and
for different hadronic interaction models (QGSJET-11-04 and QGSJETO01d), which are shown in
the Table 3.1. In order to compare the simulated results with data, all the normalised fraction,
calculated for different cosmic primaries are summed with weights where the abundances in

the primary composition[27, 63] are used as the weights. The comparison of the data and the
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Figure 3.16: Reconstructed direction of the tracks in the detector observed for the data recorded
in the detector.

No of
Tracks

H

He

C O

Si Fe

QGSIJET-1I-04

2
3
4

2.19+0.12 x 10~
1.02 +0.12x 1077
1.61 +0.65x 10™°

471 +0.19x 107
3.04+0.17 x 1077
8.80 £2.46 x 107

121 £0.02%x 10 1.61+0.02x 1077
1.78 £0.05 x 10 3.11 +£0.06 x 10~°
5.83+047x 10 1.12+0.07x 1077

242+0.02x10* 4.58+0.03x107*
5.57+0.08 x 107° 1.61 +£0.02x 107
2.35+0.11x107 1.02+0.03x 107°

QGSIJETO1d

2
3
4

2.14+0.12x 107
9.13+122x 1078
0.75+0.38 x 107°

474+0.13x 107
3.91+0.18x 1077
6.48 +1.38x107°

1.19+0.02x 10* 1.52+0.02x 107
1.90 +0.04 x 10° 3.14 +0.08 x 107°
6.00+0.43x10®% 1.07 £0.07 x 1077

250+ 0.02x10™* 4.56+0.03x 10~*
6.19+£0.07x 10° 1.65+0.02x 1073
339+0.11x 107 1.16 £0.03 x 10°°

Table 3.1: Fraction of track with 2, 3 and 4 tracks obtained from Simulation for differ-
ent primaries (H, He, C, O, Si and Fe) and different physics packages (QGSJET-1I-04 and
QGSJETO14d).

combined predictions are given in the Table 3.2.

If the abundances of elements in the primary cosmic ray spectrum as observed in [27, 63]

are used to estimate the final results from simulation, the normalised track fractions of the

events containing 2, 3 and 4 tracks are order of magnitude less than the data. The systematic

error due to the uncertainties of roof thickness, material in the detector setup, strip multiplicity,

noise and efficiencies are much smaller than the observed discrepancy between data and MC

No of Tracks Data QGSIJET-1I-04 QGSIJETO1d
2 6.35+0.05x 10 235+0.13x 107 237+0.12x 107
3 582+053x 1077 1.12+0.13x 1077 1.23+0.13x 107’
4 1.94+097x 107 321+0.87%x10™° 243 +0.50x 10~

Table 3.2: Comparison of track fraction with 2, 3 and 4 tracks obtained from Data and simula-
tion, with combined fractions as par abundances of cosmic ray particles.
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prediction. These results clearly demonstrate that there is a discrepancy between the observed
data and predictions from cosmic ray particle spectrum, the CORSIKA and finally the GEANT4

simulation.

A few other experiments (KGF[64], ALICE[65], MACRO[66], DELPHI[67], ALEPH[68],
KASCADE-Grande[69], etc.) have also studied the multi-muon tracks in the cosmic events
in the respective detectors. Except for the KASCADE-Grande, all other experiments were
performed under the ground. The underground experiments have observed events with large
multiplicities because of the large size of the detectors and the overburden of rock and soil,
which block showers with low energy. The multiplicity of the cosmic ray particles observed in
a detector is highly dependent on the dimensions, aperture, energy threshold and the detector’s
location. Hence, it is difficult to compare the results of the aforesaid experiments quantitatively
with the small-scale detectors setup in this current study. But all the studies based on the afore-
said experiments have also indicated a similar discrepancy between the CORSIKA spectra and
the observed data. The KASCADE-Grande experiment has also concluded that the attenuation
length of muons in the atmosphere from the simulation is much smaller than estimation from

the observed data[69].

Although, the bulk of primary particles interacts at center-of-mass energies far below 10 GeV
[55], it is observed in the simulation that a significant amount of primaries which are respon-
sible for higher particle multiplicities in the present setup, are in the range beyond the scope
of the present collider experiments. The major problem of the EAS simulation programs is the
extrapolation of the hadronic interactions in the high energy range which is not covered by the
experimental data. The limitation of the experiments in measuring the hadronic interactions
at this high energy is mainly due to the limitation of the design of high energy pp-colliders
[55]. In the present pp- or p p-colliders, the forward direction is not accessible. The secondary
particles which are of the higher importance in the development of EAS programs are unde-
tected in the beam pipe of the colliders. The largest energy fraction of each pp-collision is
carried away by these particles. The maximum attainable energy in these colliders is much
lower than those found in cosmic rays. Therefore, the extrapolations based on theoretical mod-

els are mainly used by all the EAS programs. While, the energy of the cosmic rays contributing
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for the single track events in the current detector setups are well within the boundary of the
current physics models (up-to ~1TeV), a significant amount of the interactions contributing
for the higher multiplicities are beyond this energy and are not supported by the experimental

data [55].

3.6 Chapter Summary

An experimental setup consisting of 12 layers of glass RPCs of the size of 2 m X 2 m has been
built at ICHEP-Madurai. The cosmic ray data recorded by this detector setup is used to analyse
the secondary cosmic rays reaching the surface of the Earth. In this current study, we probed the
multiplicity of the particles passing through the detector. The recorded data is compared with
the Monte-Carlo simulations. In the period between August 23, 2017 to September 8, 2017,
approximately two hundred million cosmic ray events were recorded. As it is shown above, the
analysis showed a discrepancy in the result predicted by the EAS simulation program which can
be observed in the comparison of the track multiplicity between the data and Monte-Carlo. The
results of the current study reflect that the current physics models of interactions at the Earth’s
atmosphere are unable to reproduce the air showers accurately. The earlier measurements of
the muon multiplicity along with the present result can be used to improve the parameters of
the hadronic models at the high energies and/or the cosmic ray spectral index along with the
composition of the primary cosmic rays.

The work presented in this chapter is published in [70].



Chapter 4

Charge Ratio of Atmospheric Muons at
IICHEP-Madurai

The study of atmospheric muon charge ratio (Rﬂ = N, /N,f) is important to the measurement of
the neutrino flux precisely, alongside the relevant information in the composition of the primary

cosmic rays and the different mechanisms of matter particle interactions.

The shower of secondary particles consists mainly of pions (ﬂi, 7r0) and kaons (K -, Kg, K(L))
which are produced due the interactions of primary cosmic rays consisting of mainly proton
and a small fraction of higher Z atoms [27, 63] with atmospheric nuclei at the upper atmo-
sphere (mostly at 15-20 km altitude). The neutral pions mainly decay via electro-magnetic
interactions, n° — y + y whereas the charged pions decay to muons and neutrinos via weak-
interactions, 7° — u* + v, and =~ — u~ + v,. The kaons also decay to muons, neutrinos
and to pions in different branching fractions. Most of the pions and kaons decay in flight and
do not reach the Earth’s surface. A small fraction of resultant muons decay into electrons and
neutrinos, u* — e* +v,+v,and u~ — e~ + ¥, +v,. The y, e* do not reach the detector directly
as they interact with atmospheric nuclei as well as the roof of the laboratory and generate elec-
tromagnetic showers, which can be easily distinguished from the muon trajectory in the RPC

stack.

Hence, the cosmic ray muons are the most abundant charged particles available at the sur-

face of the Earth. The relativistic muons lose about 2 GeV in ionisation before reaching the sea

81
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level. As the primary cosmic rays are dominated by the proton, air molecule contains proton
and neutron, the production of the positively charged kaons/pions/muons are more favoured.
Hence the muon charge ratio reflects the excess of 7* over 7~ and K™ over K~ during the forma-
tion of the cosmic ray showers in the forward region. In the TeV range however, the associated
production of K* (p + air — K* + A + ...), which has no analog for K~, largely favours K*

production over K-, making the K*/K™ ratio greater than 7*/n~ ratio [71].

Thus the charge ratio increases with the increasing kaon contribution with the increasing
energy of the primary cosmic rays. The measurement of the charge ratio in TeV range thus,
allow to limit the production of kaons inaccessible to the collider experiments at present, which

is essential for better prediction of neutrino flux and v, /v, ratio.

One of the main aspects of ICAL detector is to distinguish between the u* and y~ passing
through the magnetised iron medium, which is required in determining the mass-hierarchy of
the neutrinos with low statistics cosmic neutrino events. So before deploying the main ICAL, a
few prototypes of the detector are planned to be build in order to test various aspects. As a part
of the ICAL R&D program, a magnetised detector (mini-ICAL) with 10 layers of RPCs has
been built and operational at ICHEP, Madurai is situated near the INO site. Being a scale-down
model of the ICAL detector, the mini-ICAL is being studied as the prototype of the magnetised
ICAL. This prototype is mainly built to study the performance of electronics equipment in the
presence of the magnetic field and to test the event reconstruction algorithms. The cosmic ray
data collected by the detector setup is also used to calculate the charge ratio (R) of the number
of u* to u~ arriving at the Earth’s surface. The testing of the INO-ICAL muon reconstruction
algorithms is also another motivation behind this study. By comparing the result from cosmic
ray data with extreme air shower (EAS) simulation, this study also signifies the ability of the

magnet in identifying the charge of the particle.

4.1 Detector Setup of mini-ICAL

The present setup, named mini-ICAL, is a magnetised iron calorimeter weighing at 85 Tonn.

The mini-ICAL detector consists of 11 layers of iron of size 4 m X4 m X 5.6 cm with the inter-
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layer gap of 4.5 cm. This makes the dimensions of this prototype detector are 4 m X 4 m X 1.06 m.

The detector setup is shown in the Figure 4.1. The iron layers in the mini-ICAL magnet is made

Figure 4.1: (Left) The mini-ICAL Detector Setup (right) and the different sections of one layer
of iron and the stainless-steel spacers.

of soft iron with the additional chemical composition of C (0.015%), Mn (0.37%), P (0.012%),
S (0.008%), Si(0.188%), Al (0.001%), N (50 ppm). This soft iron has low carbon content which
makes it strong enough mechanically to support its own weight, but also allows it to have high
permeability with knee point at around ~1.5T. Each of the layers of iron consists of several
different tiles shown in the Figure 4.1. The gap between the layers is maintained with the help
of the spacers made of non-magnetic stainless steel (SS-304) are also shown in the Figure 4.1.

There are four slots with dimensions of 80 cm X 8 cm to accommodate two sets of current
conducting coils to generate magnetic field inside the iron in a similar fashion to the proposed
ICAL detector. The coils are made of OFE-grade copper with oxygen content less than 10 ppm.
There are 18 turns of coils in each set of coils. Each of the turns are kept at a distance of 40 mm.
The coils are hollow inside with the cross section of 30 mm X 30 mm X ¢17 mm. The two sets
of coils are electrically connected in series, and a low voltage power supply is used to supply
900 Amp of trough via the coils. A uniform magnetic field of ~1.5 T is obtained in the central
region of the detector. The strength of the magnetic field in the iron layer along the X- and
Y-axis are shown in the Figure 4.2. It can be seen that most of the field strength is present in
the central region of the detector along the (-)Y-direction.

The heat generated by the current in the coils is extracted by a closed-loop low conductivity

water cooling system (LCWCS) by flowing chilled water through the bore of the coils.
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Figure 4.2: The strength of magnetic field in the iron layer along (a) X- and (b) Y- axis.

Ten RPCs of dimensions 174 cm X 183.5 cm are used as the active detector. These RPCs
are placed in the central region of the detector in between iron layers. An RPC gap is made of
two glass electrodes of thickness 3 mm with a gap of 2 mm between them. Uniform gap be-
tween these two electrodes is maintained using an array of 2 mm thick poly-carbonate buttons.
The glass gap is sealed on the outer edges to make it air-tight. A mixture of gases with the
compositions of R134a (95.2%), iso-C4H;( (4.5%) and SF¢ (0.3%) is flown in the RPCs via
strategically placed nozzles. This mixture of gasses serves as the target medium of the detector.
Both the outer surfaces of the glass gap are coated with a thin layer of graphite. The RPCs
are operated by applying a differential supply of +5kV to the graphite layers which creates a
constant electric field between the glass electrodes. The ionisation of the gas mixture by pas-
sage of the charged particles eventually evolves into a avalanche in the presence of the high
electric field between the glass electrodes. The avalanche in the RPCs induces signals in the
two orthogonal pickup panels placed on both sides of the glass gaps labelled as X-side (bottom
panel) and Y-side (top panel). The pickup panels are made of parallel copper strips of width
28 mm with 2 mm gap between two consecutive strips. There are 58 strips on the X-side and
61 strips on the Y-side for each layer.

The DAQ system is similar to the setup discussed in the previous chapter. In this case the
cosmic muon data have been collected using the 1-Fold signals from the top 4 layers as trigger.
An event data typically contains strip hit and timing information of an event. The strip hit is
basically one logic bit per strip indicating the signal in that strip is above the threshold value

for that strip. The least count of each of the TDC is 0.1ns. The timing data consist of 16
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time signal for each layer where each multi-hit TDC channel records time signals coming from
every alternate 8" strips on one side of the layer. The time signal of each hit is recorded for

both the leading-edge and the trailing-edge of the induced signal pulse.

4.2 Monte-Carlo Simulation

The Monte-Carlo Simulation for this study has been executed in two parts. The Extensive Air
Shower (EAS) has been simulated by the CORSIKA simulation package[55]. The information
of daughter particles generated by the EAS at the Earth’s surface level has been extracted and
used in the detector simulation. The detector simulation has been executed with the help of
the GEANT4 toolkit[56]. The schemes of the EAS and the detector simulations are already

elaborated in the Chapter 3.

In this study, for simulating the behaviour of hadrons for higher energy range, the SIBYLL
has been adopted and for the low energy range, the FLUKA model has been used [55]. The
primary cosmic ray shower has been simulated using the CORSIKA(v7.6300) Package. The
energy of the primary rays in the CORSIKA is generated using the power-law spectrum, E=>7,
within the energy range of 10-10° GeV. The zenith and azimuth angle of primary particles are
generated uniformly within the range of 0—85° and 0-360°, respectively. The magnetic rigidity

cutoff has been implemented according to the location of the detector.

An identical model of the detector, including the building in which it is housed, is prepared
in the GEANT4 in order to perform the detector simulation. The material in the simulation
is chosen as per the material present in the setup. The model of the setup in GEANT4 is
shown in the Figure 4.3. In the detector simulation; the momentum value and the direction
of the muons are randomly generated from the CORSIKA spectra. The detector’s parameters
(efficiency, noise, strip multiplicity and resolution) are calculated using the cosmic ray data

without magnetic field in the detector.

Both the events from the observed cosmic ray data and the detector simulation are recon-

structed using the track fit algorithm which is discussed in the next section.
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Figure 4.3: Model of the minilCAL magnet system in GEANT4.

4.3 Event Reconstruction and Data Selection

The recorded data is actually the projection of the track on the X—Z and Y-Z sides. During
the passage of a charged particle through a RPC gap, the number of strips on which a signal
is induced depends on the gain of the gas gap at the place of passing. This sharing of the
induced signal between the neighbouring strips is one of the main reasons for the observed
strip multiplicity shown in the Figure 3.7(c), whereas other reasons are streamer pulse as well
as correlated electronics noise. In order to prepare the events for analysis, the consecutive strips
which have recorded signals are clubbed together to form a cluster. The layers with no clusters

either or both on X and Y sides are neglected during the track reconstruction.

During the study, the position resolution for strip multiplicities of 1, 2 are ~6mm. In
this study, the clusters of hits with more than 2 multiplicities are neglected as the position
resolution for higher multiplicities is found to be the worse. A layer which has more than 15
strip hits and/or more than 10 clusters is tagged as ‘noisy layer’ and not considered in the track
reconstruction. An event which has more than 3 noisy layers is considered as a ‘noisy event’

and discarded.
A few such events are displayed in the Figure 4.4.

The clusters present in an event then are reconstructed using different reconstruction algo-

rithms to find the momentum of muons which are discussed in the following.
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Figure 4.4: Two events with reconstructed track with opposite charge.

4.3.1 Circle Fit

As it was shown earlier, the strength of the magnetic field in the X-direction is very small. So,
almost no significant bending is observed in the Y-side of the track which makes the projection
of the track on the Y-side to be fit with a straight line. Thus, in the first step of track recon-
struction, the clusters on the Y-side associated with the tracks are found and grouped using
the method of Hough Transformation[61]. This eliminates the possibility of noise hits on the
Y-side getting included in the track reconstruction. Once one valid straight track is found, at-
tention is given on the X-side of the track. As the magnetic field is mainly in the Y-direction,
maximum bending of track is observed on the X-side. The clusters on the X-side are then fitted
with a circle. The information of the fitted circle helps to reject the noise hits on the X-side as

well. Using the radius (r in meter) of the fitted circle, the transverse momentum (p; in GeV) of
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the particle can be roughly estimated by the following equation,

pi = 0.3Br A.1)

where, B is the average magnetic field in Tesla.

The information of the fitted straight line on the Y-side and the circle on the X-side are
further used to calculate the direction (zenith and azimuth) of the incident particle. From the

direction and the p, value, the value of the momentum of the particle is estimated.

The events with muons are simulated using GEANT4. The hits obtained at the GEANT4
simulation have been fitted using this method. The estimated momentum vs the generated

momentum is shown in the Figure 4.5(a).
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Figure 4.5: Generated momentum vs reconstructed momentum using (a) Circle Fit, (b) Grid-
Search, (c) Explicit Track-Model and (d) Kalman-filter.



CHAPTER 4. CHARGE RATIO OF ATMOSPHERIC MUONS AT [ICHEP-MADURAI 89

4.3.2 Grid-Search Method

The information from circle gives the rough estimate of the transverse momentum (p,) com-
ponent of the momentum is calculated using the radius of the circle. Combining the fit infor-
mation from X-Z and Y-Z plane, the track parameters i.e. two position and three momentum
components (such as x,y, py, py, p;) are calculated. Whereas, the estimated track parameters
from above information can be well taken, if there is no energy loss of the particles in detector
medium and uniformity of the magnetic field throughout the area. To get the correct values of
the track parameters, the energy loss of the material and the non-uniformity in the magnetic

field has to be taken care of in the track fitting.

To serve the purpose, the rough track parameters estimated from the circle and straight
line fit is fed as seed for the track propagation, which is performed by solving the equation of

motion of charged particle in a magnetic field.

By using the s as the free parameter, the equation of motion as given by Lorentz force
becomes,

d*r _gd

r
— ==-—XBr)=AT x B 4.2
A2 - pds (r) = A( (r) 4.2)
where T = dr/ds is the normalised tangent vector to the track, B(r) is the magnetic field and

A ~ q/p. The derivative dr/ds becomes dr/vdt = v/v = T.

Analytical solution of the Eqn. 4.2 for a given non-homogeneous magnetic field is impossi-
ble. Thus numerical solutions are calculated. There are many numerical methods, among them
one group of methods used in tracking is Runge-Kutta Method. For this purpose, the fourth

order Runge-Kutta-Nystrom [72] method is adapted.

The step size in the propagation is 3 mm, which includes iron as well as other material.
After propagation, the measurement vector (x(z), y(z)) are compared with predicted, where the
propagation is done using energy loss of muons in the detector medium. The best fit parame-
ters (x,y, Px, Py, ;) for an event is taken when the overall y* for X- and Y-plane is minimum.
This estimation is done by varying the initial seed track parameters and then the particle is

propagated one by one and done for all five parameters.

The hits obtained at the GEANT4 simulation have been reconstructed using this method.
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The constructed momentum vs the generated momentum is shown in the Figure 4.5(b).

4.3.3 Explicit Track Model Fit

The momentum was also reconstructed by the global track fitting using the least-squares method
(LSM) [73]. The track model is the set of solutions of the equation of motion. The track model
in the LSM is the linear expansion of the function f (p), where f is a deterministic function
of the track parameter p. At a reference surface, p is defined by the (x,y) coordinates and the

momentum vector. As per the first approximation,

F(P=fpo)+A-(p—p)+O0(p—po) +-- (4.3)

where A = %ﬁf) at p = po.

In the track model, the weight-matrix W is defined as the inverse of the covariance-matrix

V. Since the measurement errors are uncorrelated, then

(W)ij = ; 4.4)

J
where o ; is the standard deviation on the j™ measurement. But Generally, W will have non-

zero off-diagonal terms in the case of multiple scatterings. During the track reconstruction, the

LSM tries to minimise the function,

X =f(po)+A-(p=po)—m]" -W-[f(po) +A-(p— po)—m] (4.5)

where,

m = m(;), vector of measurements, e.g., 6, ¢ (2xN, number of track points)
f = (f), vector of function corresponding to m, e.g., {x,y,dx/dz.dy/dz, q/ p}

V, the covariance matrix of m, e.g., inverse of error matrices, (both position and effect of

multiple scattering)

Do, the approximate initial value of track parameters
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A =0f/0dp, at the point pg

The solution of the least-squares problem,

p=po+ATVIATATV (m — f(po))

and covariance matrix of p, C(p) = (ATV-1A)~1.
The initial values of the track parameters are assigned to this fit using a similar method
discussed in the beginning of the Grid-Search. The constructed momentum vs the generated

momentum in the GEANT4 is shown in the Figure 4.5(c).

4.3.4 Kalman-Filter Fit

This reconstruction method is a Kalman-filter based algorithm, where every track is initiated
by a state vector Xy = (X, Y,dX/dZ,dY/dZ, q/ p). The state vector contains the position of the
starting hit (X, Y, Z), the charge-weighted inverse momentum which is taken to be zero and the
initial direction (the slopes dX/dZ, dY/dZ) which is estimated from the first two layers. The
initial state vector is then extrapolated to the next layer using an extrapolation algorithm based
upon the equation of motion of a particle in a magnetic field. The extrapolated state vector
is then filtered and improved using the Kalman-filter based algorithm. In this algorithm, the
corresponding error propagation is predicted by a propagation matrix [74]. The Kalman-filter
also takes the process of the multiple-scattering as described in [75] and the energy loss in mat-
ter according to the Bethe formula [76]. The extrapolated point is then judged with the actual
position of the hit in that layer, if any, and the process is iterated. The best fit track is obtained
from the complete iteration. The ¢g/p determines the magnitude of the momentum along with
the reconstructed direction using dX/dZ and dY/dZ, which are the zenith and azimuth angles
respectively.

In short, State vector at any step is the combination of extrapolation from previous mea-

surement and measurement at that point,

Py = K, pi" + Kpmy, Py = Fioi pie
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where, K/ and K} are two weight factors, pi~' is the expected state vector from previous mea-
surements. The weight factors is calculated (for true state vector, p) from the minimisation

of

X2 = = f) V' i — f(p) + (p— piHT (€Y (p - pi

which has the following matrix algebra for each step

V = (Vi+ACFAD)
C' = Fio Gt F + Qi
Ky, = Co'A{(Vi+ A CTM AN
Pr = Fioipier + Ki(my — Ay Fr_y pr1)
pe = (=K A)p' + Kiemy

C. = (I-KA)C!

where,

e py : State vector {x, y,dx/dz, dy/dz, q/p}, (5 x 1)

e ()} : State covariance matrix, (5 X 5)

e F} : Propagator matrix of state vector py, (5 X 5)

e () : Noise matrix due to multiple scattering/ionisation loss, (5 X 5)

o my : X(Y) position measurement, (2 X 1)

e V. : Error matrix of my, (2 X 2)

e A, : Measurement function (9 f/dp; from experiment my;, = f(py)), (2 X 5)

e K, : Kalman gain factor, (5 x 2)

Kll = (I - KkAk) and Klg = Kk

The hits obtained from the GEANT4 simulation are reconstructed using this method. The

constructed momentum vs the generated momentum is shown in the Figure 4.5(d).
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4.4 Charge Ratio Spectra of Cosmic Ray Muons

It can be observed in the Figure 4.5 that the particles with momentum less than 0.8 GeV are not
reconstructed. This is because of the minimum momentum cutoff due to the minimum layer
criteria of 7. Also the insignificant curvature of the tracks at higher momentum coupled with
the strip width of the pickup panels, constrains the reconstruction for larger momentum.

In order to compare the the fit methods quantitatively, the Mean and RMS of the (P,m - Pgen)

plot is calculated for different interval of P, values, which is shown in the Figure 4.6. It is
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Figure 4.6: the Mean and RMS of the (Prm - Pge,,) plot for different values of Pg,,.

clear from plots in 4.5 that Kalman filter techniques shows a saturation of reconstructed mo-
mentum at around 2 GeV, which is mainly due to the large uncertainty in position measurement
and limited number of measured points. That is true to some extent for the explicit Track-
Model also. Due to the saturation of the magnetic field, there is a gradual shift in the mean
of (P,ew - Pge,,) for these two cases. The circle fit has a bias mainly due to ionisation energy
loss, which was not incorporated there. Apparent bias in Grid Search techniques is mainly due
to momentum ranges in generated MC samples. But, there is almost no difference in RMS in
those four fitting techniques due to larger tails in the distributions.

The (P,m, - Pge,,) plots for different intervals of P,,, are also fitted with Landau function.
The maximum probable value (MPV) and o of the plots are shown in the Figure 4.7. In the
fitted u (4.7(b)), the same bias is there for Kalman fit and explicit track fit models, whereas due
to less effect of tails part, bias in the grid search model has reduced drastically. The apparent
better o in the 4.7(b) from Kalman fit and explicit track fit models are due to saturation effects,

which is really not a good resolution.
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Figure 4.7: The MPV and o of the (P,m - Pgen) plot for different values of Pg,,.

Each model also has its limitation in the efficiency and the capacity of determining the
charge of the particle. The efficiency is defined as the ratio between the number of particles
reconstructed to that of particles generated provided the charge of the particles are identified
properly. The efficiency of the fit methods are shown in the Figure 4.8(a). The amount of

mis-identification of the charge of a particle is represented in the Figure 4.8(b).
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Figure 4.8: (a) Efficiency of the fit methods and (b) Particle charge mis-identification plotted
against P,

Taking the performance of the fit methods on the basis of charge mis-identification, overall
momentum resolution and saturation of reconstructed momentum; the Grid Search Method has
been accepted to further study the charge ratio of the cosmic ray muons.

The measured momentum spectra in the detector is biased because of the housing building
covering the detector, limited acceptance of the detector, resolution and other systematic effects

on the detector. This can be represented by the following equation,

Ax+b=y (4.6)
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where, A is the ‘response matrix’, X is the ‘truth’ spectra, b is the ‘background’ and y is the
‘measured’ spectra. The procedure of estimating the truth spectra using known response matrix
and background spectra is called data-unfolding. So to compare the experimental measurement
with previous prediction, the reconstructed spectra is unfolded to eliminate the detector’s ef-
fects. The unfolding method used for the current study is iterative Bayesian Unfolding [77].
In order to determine the number of iterations required in the unfolding process, the follow-

ing procedures have been adopted.

e The MPV and o, found in the case of Grid Search method (shown in the Figure 4.7), are
used to smear the randomly generated momentum values. The generated and smeared
values of the momentum are then filled in a histogram to create the response matrix,

which is shown in the Figure 4.9(a).

e The above step is then repeated again with different seeds, but for this time to create the
spectra to be unfolded. The spectra created using randomly generated momentum value

is the truth, and the spectra created by using the smeared momentum is the measured.

e The measured spectra created in the previous step is then unfolded using the iterative
Bayesian technique for different numbers of iterations. The unfolded spectra is then com-
pared with the truth. The difference between the unfolded spectra and the truth, termed
as x?, is plotted against the number of iterations which are shown in the Figure 4.9(b). It

can be seen that the unfolding is minimised at iteration number 4.
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Figure 4.9: (a) Generated Response Matrix and (b) y?> vs Number of Iteration.
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The cosmic ray events collected in the mini-ICAL detector are constructed using the Grid
search method. The reconstructed momentum spectra is then unfolded using the response ma-
trix calculated from GEANT4 simulation (shown in the Figure 4.5(c)). In the Bayesian tech-
nique, the background in each reconstructed momentum bin and efficiency of each true mo-
mentum bin are calculated. The reconstructed data and MC are also corrected for fake rate.
The unfolded momentum spectra for " and y~ is shown in the Figure 4.10(a). The charge ratio
(R) of the atmospheric muons is then found by dividing the spectra for u* with the spectra for

1, which is shown in the Figure 4.10(b).
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Figure 4.10: (a) Unfolded momentum spectra for 4™ and u~ reconstructed from data, (b) Charge
ratio of muons compared with BESS-TeV’02 calculation [2].

The reconstructed spectra from data are unfolded up-to 3 GeV as the reconstructed energy
saturates beyond this energy [78, 79]. A new detector setup, named as Engineering Module is
going to be built in the near future. This setup is going to have 20 layers of RPC detectors.
The Grid Search method is giving better results for a 10 layer setup, but it is taking too much
time to simulate it. Also, is it expected that with larger hit points, explicit track fit model will
give better resolution. Thus to reduce the reconstruction time explicit track fit model is used
to reconstruct muons at 20 layers Engineering module. A preliminary simulation is performed
with this setup by assuming the position of the RPCs in the central region of the detector. The
events with more than 14 layers of hits are reconstructed. The response matrix found from this
simulation is shown in the Figure 4.12. The efficiency of reconstruction and mis-identification
of the charge of the particles are shown in the Figure 4.13. In the Engineering Module, the
momentum should be reconstructed up-to 12 GeV along with better charge identification and

particle detection efficiency.
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Figure 4.12: (a) Response Matrix, (b) Mean and (c) o for the Engineering Module.
4.5 Chapter Summary

As a part of the ICAL R&D program, a magnetised detector (named mini-ICAL) with 10
layers of RPCs interspersed with 56 mm iron layers have been built and operational at ICHEP,
Madurai situated near the INO site. The cosmic ray data collected by the detector setup is used
to calculate the charge ratio (R) of the number of 1+ to u— arriving at the Earth’s surface. Using
the iterative Bayesian Unfolding technique, the charge ratio of muons is observed and compared
with the BESS-TeV’02 calculation [2]. From the study, it is seen that the ratio between u* and
#~ more or less matches in the range of 0.8-3 GeV. The reconstruction of momentum beyond
this energy range fails due to the insignificant curvature of the tracks created by the particles,
poor position resolution of RPCs, limited number of tracker layers and the low-energy cutoff

in this detector setup.
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Figure 4.13: (a) Efficiency of reconstruction and (b) Particle charge mis-identification plotted
against P,,, for Engineering Module.

A new detector setup with 20 layers of RPC and 8 times larger in volume, INO Engineering
Module is going to be built in few years at ICHEP Madurai. With more detectors, the momen-
tum should be reconstructed up-to 12 GeV with the same momentum resolution at ~3 GeV at
present setup. That data will be able to compete with other experiments in the world to measure

the momentum spectra and charge ratio of cosmic ray muons at the Earth’s surface.
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The 50 kton INO-ICAL is a proposed underground high energy physics experiment at Theni, India (9°57'N,
77°16'E) to study the neutrino oscillation parameters using atmospheric neutrinos. The Resistive Plate
Chamber (RPC) has been chosen as the active detector element for the ICAL detector, interspersed with 5.6
cm thick iron plates. Approximately 30000 RPC gaps of dimension 2 m x 2 m will be placed in between the
151 layers of iron plates. The iron plates will be magnetised up-to about 1.5 Tesla. The INO Project is
proposed to operate at-least for 20 years. The RPCs are going to be operated in avalanche mode with a gas
mixture of R134a (95.2%), iso-C,Hy, (4.5%) and SFy ———————== —

(0.3%). Any contamination leaking inside the RPCs .

as well as leaking of the gas mixture outside, can
affect the performance of the detector. The leak- S
test setups, both wired and wireless, are Ehg

operational and are being used at various facilities
and industries working along with INO-

Collaboration and with the help of the prepared

RPCs in a short time. i i i g-:‘

As a part of the ICAL R&D program, a 12 layer Figure 1: Magnetised mini-ICAL detector Setup at IICHEP
stack of 2 m x 2 m Resistive Plate Chambers (RPCs) with an inter-layer gap of 16 cm has been operational at
IICHEP, Madurai since the last few years to study the cosmic ray muons. The data is used to study the flux
and angular distribution of muons with the help of an extreme air shower (EAS) simulation program and
detector simulation program. To further test the capability of the Simulation Packages, the charged-particle
multiplicity in the obtained data is compared with it with the air shower simulation. The results of the
current study reflect that the current physics models of interactions at the Earth’s atmosphere are unable
to reproduce the air showers accurately.

One of the main aspects of ICAL detector is to distinguish between the u* and p passing through the
magnetised iron medium to detect the mass-hierarchy of the neutrinos. As a part of the ICAL R&D program,
a magnetised detector (mini-ICAL) with 10 layers of RPCs has been built and operational at IICHEP Madurai.
The cosmic ray data collected by the detector setup is also used to calculate the charge ratio of the number
of W' to W arriving at the Earth’s surface. The testing of the reconstruction algorithms is also another
motivation behind this study. By comparing the result from cosmic ray data with extreme air shower (EAS)
simulation, this study also signifies the ability of the magnet in identifying the charge of the particle. A new
detector setup, named as Engineering Module is going to be built in the near future with 20 layers of RPCs
where the momentum should be reconstructed up-to ~12 GeV.
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