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ABSTRACT

Neutrino oscillations provide us with the first glimpse of physics beyond the
standard model. Neutrino oscillations parameters have been measured with
precision except the sign of A3y, the octant of 6,3 and the CP violating phase
dcp- The currently running long baseline experiments NOvA and T2K are ex-
pected to measure these unknown parameters. The proposed Iron Calorime-
ter (ICAL) at INO will study the charged current interactions of the muon
neutrinos produced in the atmosphere. It has the ability to determine the
atmospheric neutrino mass-squared difference Am3; and the corresponding
mixing angle sin” 6,3 with good precision, by reconstructing the momentum
and the direction of the muon track accurately. Its charge discrimination ca-
pability enables it to determine the sign of Am%l. In this thesis, we discussed
the discovery of neutrino, its flavors and determination of its mass in ex-
periments. We also presented a detailed discussion on the physics of neu-
trino oscillations in vacuum and matter for both two flavor and three flavor
framework. Atmospheric neutrino experiments IMB, Kamiokande, Super-
kamiokande and Hyper Kamiokande are also discussed in detail. A system-
atic study to calibrate the energy of hadrons produced in the atmospheric
neutrino interaction in ICAL is presented. Hadron energy resolution func-
tions are obtained and a comparison study is done between the data from
two monte carlo event generators NUANCE and GENIE. It is also shown
that there is a tension between the appearance data of T2K and NOvA. We
noted that the two experiments agree on the best fit values of hierarchy and
sin? B3 but strongly disagree on the best fit values of dcp. We carried out a
feasibility study of a PET device based on Multi-gap Resistive Plate Cham-
bers (MRPCs). Several six gap MRPCs have been developed and tested over
a long period of time. We did a TOF-PET experiment and measured time
of flight of 511 keV gammas between two MRPCs. We also measured the
time resolution of our detectors at different high voltages for cosmic muons

as well as for 511 keV gammas.
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Chapter 1

Introduction to neutrinos

Wolfgang Pauli proposed a very light, neutral spin % weakly interacting par-
ticle to restore the energy conservation in 8- decay which was later termed
as "Neutrino" meaning "the little neutral one". Neutrinos are now known to
exist in three flavours and they are the second-most abundant particles in
the universe after the photon. We will introduce them and the experiments

which discovered them systematically in the following sections.

1.1 Electron Neutrino (v,)

Experiments of B-decay showed that a neutron in a radioactive nucleus de-
cays into a proton and an electron. The electron has a continous energy spec-
trum. But kinematically, electrons in B-decay are expected to be emitted with
fixed energy. Pauli postulated a new particle "Neutron" to account for this
apparent non-conservation of energy. A very light, neutral, spin 3 particle
is emitted along with the electron in B-decay and this unseen particle carries
away the missing energy. Later in 1932, James Chadwick discovered a mas-
sive particle, with mass a little larger than the mass of proton, which was
also called neutron’. Enrico Fermi named the neutral particle in f-decay as
‘neutrino’ to avoid the confusion. The neutrinos emitted in the p-decay are

now known as electron anti-neutrinos.



2 Chapter 1. Introduction to neutrinos

1.1.1 Fermi theory of S-decay

The B-decay can be written as
AXN — 9 XN_q +e + 7. (1.1)
This is the B~ decay where the underlying process is
n—pt+e +7, (1.2)

which converts a neutron into a proton with the emission of an electron and

an anti-neutrino. Fermi described this process by an effective Hamiltonian.

where ¥, ¥,,, ¥. and ¥, are the four component spin % tields for proton,
neutron, electron and neutrino respectively. The electron spectrum can be

computed using the above Hamiltonian. It is found to be

d G2
d_:’I:e - 2_7-;(T€ + me)?e(Q - TE‘)\/(Q - TE)Z - ml%, (1‘4)

Q=m;—mg—m, (1.5)

where Gr is the Fermi coupling constant and Q is the Q-value of the B-decay.
m; and my are the masses of initial and final nuclei respectively and 1, is the
electron mass. T, = E, - m, is the kinetic energy of the electron. Gr is called
the Fermi coupling constant which gives the strength of the weak interaction.
Maximum kinetic energy of elctron is equal to the Q value of the process for
a massless neutrino. For massive neutrinos, T, attains its maximum value of
7" = Q- m,. Plot of ;Tre vs. T, is known as the Kurie plot. Kurie plots of the
experimental data of all B-decays [19, 20, 21] matched with the predictions of
eq. (1.4) which is taken as the proof of the existence of neutrino. Integrating
eq. (1.4) over T, gives the B-decay width. We obtain Gr by comparing this

decay width with the experimental measurement of neutron decay lifetime



1.1. Electron Neutrino (v,) 3

[22, 23] to obtain
Gr = 1.166 x 10 °GeV 2. (1.6)

1.1.2 Cowan Reines experiment

The success of Fermi’s theory through 1950s convinced most of physicists
about the existence of neutrino but there was no direct evidence of this elu-
sive particle’s existence. One possiblity of directly observing the neutrino

was to observe inverse - decay.
v+p—ntet, (1.7)

with a threshold energy of 1.80 MeV. Unfortunately, neutrinos interect with
matter only through Fermi’s weak force which is so weak that the proba-
bility of inverse B-decay was predicted to be nearly zero. Hans Bethe and
Rudolf Peierls calculated the interaction cross section to be less than "10~44
cm? (corresponding to a penetrating power of 10'® km in solid matter)" and
stated that, "It is therefore absolutely impossible to observe processes of this
kind with the neutrinos created in nuclear transformations." In order to de-
tect such a rare interaction in a reasonable time one would need both a large
amount of matter as a target and a very large flux of neutrinos. Frederick
Reines and Clyde Cowan, two scientists at the Los Alamos weapons labo-
ratory, where the atomic bomb had first been developed and built, hypoth-
esized that they could place a neutrino detector close enough to an atomic
bomb explosion so that they would have a good chance of detecting that
process. In the fall of 1952, following a suggestion by ].M.B. Kellogg, the di-
rector of the Physics Division at Los Alamos, Reines and Cowan revised the
experimental plan to see if the flux of antineutrinos from a nuclear fission
reactor could be used in place of that from an atomic bomb. Although the
flux from a reactor was thousands of times lower than that expected from a
50 kiloton atomic bomb, such an experiment could run for months or a year

in contrast to the one or two seconds expected for a bomb experiment. The
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challange was to reduce the background from other events, which they could
do if they could detect the flashes from both the positron and the neutron as
separate but related signals. There were also other advantages in the use
of a reactor as the source, such as ease in repeating a measurement and the
opportunity to extend the observation time to reduce statistical uncertainty.
In addition, Reines and Cowan had devised a new method for detecting
the antineutrino.They used Savannah river nuclear reactor as a source and
a mixture of cadmium chloride (CdCl,) and water. The set up of the Cowan-

Reines experiment has been shown in figure 1.1. An incident antineutrino

Incident
antineutring

Gamma rays

Gamma rays

Neutron capture

Inverse
beta
decay

Positron
annihilation

Liguid scintillator
and cadmium

FIGURE 1.1: Schematic diagram of the antineutrino experiment of
Reines and Cowan

(red dashed line) interacts with a proton through the weak force. The an-
tineutrino turns into a positron (¢*) and the proton turns into a neutron (n).
In the figure above, this reaction is shown to take place in a liquid scintillator.
The short, solid red arrow indicates that, shortly after it has been created, the
positron encounters an electron. The particle and antiparticle annihilate each
other to give rise to two gamma rays. Because energy and momentum have
to be conserved, these two gamma rays travel in opposite directions and will
cause the liquid scintillator to produce a flash of visible light. In the mean-
time, the neutron wanders about following a random path (longer, solid red
arrow) until it is captured by a cadmium nucleus after some time delay of

a few microseconds. The resulting excited nucleus releases about 2.2 MeV
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of energy in gamma rays that will again cause the liquid to produce a tiny
flash of visible light. This sequence of two flashes of light separated by a few
microseconds [24, 25, 26] is the double signature of inverse beta decay and

confirms the presence of an anti-neutrino.

1.1.3 Ray Davis’ reactor neutrino experiment

A nuclear reactor emits antineutrinos which arise from the negative beta de-
cays of fission products. In 1954, Ray Davis made an attempt to observe an
inverse electron capture process CI¥(v,e~) A% which requires neutrinos, us-
ing a source emitting anti-neutrinos i.e. a nuclear reactor. If neutrinos and
anti-neutrinos are identical in their interactions with nucleons one should be
able to observe the process upon carrying the experiment to the required sen-
sitivity. However, if neutrinos and anti-neutrinos differ in their interactions

with nucleons one would not expect to induce the reaction
v4CI¥7 = AY e, (1.8)

The minute quantities of argon, produced in this reaction, could be separated
from chlorine effectively because argon is chemically inert. This experiment
did not observe any argon atoms, i.e. there was no signal [27].

This is explained by the concept of lepton number conservation. The
lepton number for electrons and neutrinos is 1, for anti-neutrinos and positrons
it’s -1 and O for rest of the particles. Anti-neutrinos can drive the reaction in

eq. (1.7) but cannot cause the reaction in eq. (1.8).

1.2 Muon Neutrino (1/#)

In 1962, an experiment was performed at Brookhaven AGS where the in-
teraction of high-energy neutrinos with matter showed the existence of a
non-electron type of neutrino [28]. The experiment’s aim was to show that

the neutrinos obtained by the decay of the pion produce muons but do not
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produce electrons, meaning that these neutrinos are different from those in-
volved in B decay.

The experiment looked for following interactions

v+n—p+te, (1.9)
V+p—on+et, (1.10)
vtn—>p+u, (1.11)
v+p—on+ut. (1.12)

The existence of only one type of neutrino implies that neutrino interactions
with protons or neutrons should produce as many electrons as muons. If two

types of neutrino exist, then there will be no electons produced.

1.2.1 Brookhaven AGS experiment

Schwartz [29] proposed to use high-energy pions which are a natural source
of neutrinos: 7+ — u* + (v,7). A beam of protons from a proton accelerator
was allowed to impinge on a target. The pions produced at the target were
allowed to travel for some meters. Then they will hit against a shielding wall
in front of the detector. Here a part of the pions will decay into high-energy
neutrinos.

They shot 15-GeV protons on a 3-in. thick beryllium target, fixed at one
end of a straight section 10 ft. long, producing the pions. The flux of parti-
cles produced, which moves in the general direction of the detector, strikes a
13.5-m thick iron shield wall at a distance of 21 m from the target. A wall of
this thickness can absorb the strongly interacting particles by nuclear interac-
tion (providing an attenuation of the order of 10-2* for strongly interacting
particles, an attenuation more than sufficient not to alter the results of the
experiment) and muons up to 17 GeV by ionization loss. The neutrino inter-

actions are then observed in an aluminum spark chamber located behind the

shield.
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The spark chamber detector is made by 10 one-ton modules, each one con-
stituted by 9 aluminum plates 44 in. x 44 in. x 1 in. thick, separated by g in.
lucite spacers. To reduce the effect of cosmic rays and AGS-produced muons
which penetrate the shield, top, back and front anti-coincidence sheets are
added, for a total of 50 counters. The top and back slabs are shielded against
neutrino events. Triggering counters are inserted between adjacent chambers
and at the end. Figure 1.2. shows the Plan view of AGS neutrino experiment.
113 events were observed, excluding those originated outside the chambers,
those which were not originated within a fiducial volume and those of sin-
gle tracks where the extrapolation of the track backwards for two gaps did
not remain within the fiducial volume or where the production angle rela-
tive to the neutrino line of flight was more than 60°. There were 49 short
single tracks whose visible momentum was less then 300 MeV /c. They were
rejected because they include energetic muons that leave the chamber, low-
energy neutrino events and the bulk of the neutron produced background.
In addition, there were 34 events with single muon tracks of energy more
than 300 MeV /¢, 22 vertex events with more than one track from a vertex
and 8 shower events where the energy deposition is too irregular for them
to be muons. The shower events were not accepted and only the 56 events

of the first and second types were finally considered. To conclude that two

FIGURE 1.2: Plan view of AGS neutrino experiment.
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types of neutrino are highly likely to exist, the authors needed to exclude
the decays (1.9) and (1.11) from the observed events and to show that the
second and fourth decays do not occur with the same rate, as could be ex-
pected if the neutrino involved in the interaction (1.10) (which will be indi-
cated with v, ) and the neutrino involved in the interaction (1.12) (indicated
from now on with v, ) were the same. First of all they exclude that the events
observed could be produced by cosmic rays. The background of these neu-
trino events is measured experimentally by running with the AGS machine
off on the same triggering arrangement except for the Cerenkov gating re-
quirement and is of the order of 1 neutrino-like event in 90 cosmic-ray events.
Considering that about 440 cosmic-ray tracks are consistent with the obser-
vation, they identify 5 & 1 cosmic-ray events (consistent with the observation
of a small asymmetry seen in the projection of angular distributions of single
track events) while the other 51 events are unlikely to be the result of cosmic
rays. They also exclude the events that are neutron produced: The origins
of the events are uniformly distributed over the fiducial volume, particularly
against the last chamber because of the condition that the visible momentum
be greater than 300 MeV/c, while nuclear and electromagnetic interactions
have both a mean free path of a length shorter than 40 cm. This allows the
authors to exclude the decays (1.9) and (1.11). The single particles produced
are supposed to be muons because there are little or no nuclear interactions.
To explain this the authors consider a simplified situation. In a follow-up ex-
periment, it was observed that for the 400-MeV pions the mean free path for
nuclear interactions in the chamber was no more than 100 cm of aluminum.
Thus, in the initial experiment they should have observed about 8 nuclear
interactions, while no nuclear interaction was observed. The latter consider-
ation allows them to infer that the observed reactions may be due to the decay
of pions and kaons. To prove this, in a second background run, the iron was
removed from the main shield and was replaced by an equivalent quantity
of lead. By changing the conditions this way, the path available for pions was

reduced by a factor of 8. The authors observed a reduced rate of events from
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1.46 4 0.2 to 0.3 £ 0.2 per 10! incident protons, which is consistent with the
reduction expected for neutrinos produced by the decay of pions or kaons.
Finally they considered only the single track events. Of the 34 single muon
events, 5 are considered to be cosmic ray background. If we suppose v, = vy,
we expect about 29 electron showers with a mean energy of approximately
400 MeV /c while we observe only 6 candidates of electron showers looking
qualitatively very different from the electron events observed at Cosmotron.
Later experiments showed that the efficiency of triggering of 400-MeV elec-
trons in the chambers to be 67%. The observation is inconsistent with the
prediction based on the hypothesis that v, = v,.

The calculation of the ratio (7" — e™ +v)/(mt — u* +v) at (1.21£0.07) x
10~% [30], the results of B decay, u capture and u decay show that the cou-
plings of single neutrinos with electrons and those of single neutrinos with
muons are equal. Hence, we cannot say that the absence of the electrons is
caused by the couplings of single neutrinos with electrons. So, the most prob-
able cause of the absence of electron showers is the fact that v, # v;,.

Note that the presence of one or two electron events was expected from
electron-associated neutrinos produced in the decays K* — et + v, + ¥ and
K9 — e* + v, + wT. The authors argue that the absence of the electrons events
could be due to the fact that the form factors for the heavy-particle currents
in the e-producing reaction is very different from that in the p-producing re-
action at a great momentum transfers. However, this obstacle can be avoided
thanks to the calculation [31] which shows that an absolute theoretical lower
limit can be established for the rates of the e-producing reaction without a
relative comparison with that of the p-producing reactions. As a matter of
fact, using this lower limit we can calculate the number of observed elec-
trons to be greater than 12, with an error of £30% due to poor knowledge
of the flux of the neutrinos. Even though the error is large, it is inconsistent
with the observations and, hence, it confirms the hypothesis that v, # v;,.
These results require us to expand our definition of lepton number to two

distinct quantum numbers:
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e Electron Lepton number L. , which is same as L defined before.

e Muon Lepton number L, , which is 1 for x~ and v, , -1 for their anti-

particles and 0 for all other particles.

It is postulated that L. and L, are individually conserved in all reactions.
This hypothesis explains why the decays y= — e~ + yand y= — e~ +e +

e do not occur.

1.3 Tau Neutrino (v;)

In December 1975, the MARK I experimenters at SLAC published a paper by
Perl et al. (1975) entitled “ Evidence for Anomalous Lepton Production in e™
- e~ Annihilation" [32]. They concluded: “the signature e - i events cannot be
explained either by the production and decay of any presently known par-
ticles or as coming from any of the well-understood interactions which can
conventionally lead to an e and a y in the final state. A possible explanation
for these events is the production and decay of a pair of new particles, each
having a mass in the range of 1.6 to 2.0 GeV". In 1977 a paper [33] entitled

“Review of Heavy Lepton Production in e™ ¢~ Annihilation” concluded:

e All data on anomalous ey, ex, ee and up events produced in et e™ anni-
hilation is consistent with the existence of a mass 1.9 + 0.1 GeV charged

lepton, the 7.
e This data cannot be explained as coming from charmed particle decays.

e Many of the expected decay modes of the T have been seen. A very

important problem is the existence of the T~ — vz + 7~ decay mode.

In the Mark I collaboration the first demonstration that B(t — v7r) was sub-
stantial came from Gail Hanson [34]. By the middle of 1978 there was no
confusion and a B(t — vr) close to the expected 10% was established. Thus

by the end of 1978 all confirmed measurements agreed with the hypothesis
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that the T was a lepton which was produced by a known electromagnetic in-
teraction and, at least in it’s main modes, decayed through the conventional

weak interaction.

1.3.1 Invisible Width of Z: LEP Collider

The invisible width from Z decays to neutrinos, I';,, = N, I';;, where Nj, is the
number of light neutrino species, is determined from the measurements of

the decay widths to all visible final states and the total width,
Iz =T+ ryy + I'er + Dhaa + Tino- (1-13)

Because the measured cross-sections depend on products of the partial widths
and also on the total width, the widths constitute a highly correlated pa-
rameter set. In order to reduce correlations among the fit parameters, an
experimentally-motivated set of six parameters is used to describe the total

hadronic and leptonic cross-sections around the Z peak. These are
e the mass of the Z, my;
e the Z total width, I'y;

e the “hadronic pole cross-section”,

0 _ 127Tr€grhad .

oa = gz (1.14)
e the three ratios
[ haa Taa Thaa
RO = —fmd RO — _fhad RO — _had 1.15
¢ Lee . Fy;u ’ [t ( )

If lepton universality is assumed, the last three ratios reduce to a single pa-
rameter:

Uhag
RY = r“ , (1.16)
1

where I';; is the partial width of the Z into one massless charged lepton

flavour. (Due to the mass of the tau lepton, even with the assumption of
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lepton universality, I'r; differs from I';; by about d; = -0.23%.) The six pa-
rameters describing the leptonic and total hadronic cross-sections around the
Z peak are determined exclusively from the measurements of the four LEP
collaborations, due to the large event statistics available and the precise de-
termination of the LEP collision energy.

If the Z had no invisible width, all partial widths could be determined with-
out knowledge of the absolute scale of the cross-sections. Not surprisingly,

therefore, the measurement of I';,,;, is particularly sensitive to the cross-section
o _ Lhad
inv rl ]

scale. Assuming lepton universality, and defining R

(1.14) and (1.15) can be combined to yield

, Equations

1

127RO \ 2

R?nv:( 5 ;) —RY— (3+4,), (1.17)
Thaa™z

where the dependence on the absolute cross-section scale is explicit. Assum-
ing that the only invisible Z decays are to neutrinos coupling according to SM
expectations, the number of light neutrino generations, N, can then be deter-
mined by comparing the measured R with the SM prediction for I'y5/T;:
T.+
0
Riyy = Ny (%) (1.18)
I/ sm

The strong dependence of the hadronic peak cross-section on N, is illustrated
in Figure (1.3). This fit, based on 17 million Z decays [35], gives a precise

value

N, = 2.9840 =+ 0.0082. (1.19)

1.3.2 Tau neutrino discovery: DONuT experiment

The v, was postulated to exist after the discovery of the T lepton in 1975 [33].
Since that time, much indirect evidence has been gathered implying that the
v exists as the Standard Model third generation neutrino. However, the

charged current interactions of a third neutrino had not been observed in the
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FIGURE 1.3: Measurements of the hadron production cross-section
around the Z resonance. The curves indicate the predicted cross-
section for two, three and four neutrino species with SM couplings
and negligible mass.
same manner as the interactions of the v, [24] and the v, [28]. The DONUT
experiment [36] was designed to observe the charged current interactions
of the v; (2.4) by identifying the 7 lepton as the only lepton created at the

interaction vertex

ve+n— T +p. (1.20)

At the neutrino energies of this experiment, the T typically decays within
2 mm of its creation to a single charged daughter (86% branching fraction).
Thus the signature of the 7 is a track with a kink, signifying a decay char-
acterized by a large transverse momentum. The neutrino beam was created
using 800 GeV protons from the Fermilab Tevatron interacting in a meter
long tungsten beam dump, which was 36 m upstream from the emulsion tar-
get. Most of the neutrinos that interacted in the emulsion target originated in

the decays of charmed mesons in the beam dump. The primary source of v,
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is the leptonic decay of a Ds meson into T and 7+, and the subsequent decay
of the 7 to a v;. All other sources of v; are estimated to have contributed an
additional 15%. (5 £ 1)% of all neutrino interactions detected in the emulsion
were predicted to be from v; with the dominant uncertainty from charm pro-
duction and Ds — tv branching ratio measurements [37]. The mean energies
of the detected neutrino interactions were calculated to be 89 GeV, 69 GeV,
and 111 GeV, for v,, v, and v respectively.

To perform the decay search, segments from the redefined scan were re-
aligned and relinked into tracks. Tracks were then fit to form the interac-
tion vertex. Tracks that originated at the interaction vertex and stopped in
the scan volume were candidates for decays [36]. Tracks which originated
within one or two plates downstream from the end of the stopped track were
designated daughters if they had a distance of closest approach to the parent
candidate of less than 10 ym. The following selection criteria, which retained
50% of simulated T events, were used to identify T decay candidates from the

kink candidates:

e At least one segment of the parent track is identified in the emulsion

data.
e Only one daughter track was associated with a parent track.
e The parent track was < 5 mm long.

e The daughter angle with respect to the parent track was >10 mrad and
< 400 mrad.

e The impact parameter of the daughter to the parent track was < 10 pm.

e The impact parameter of the parent track to the interaction vertex was

< 10 pm.

e The impact parameter of the daughter track to the primary vertex was

<500 ym.

e The daughter track momentum was > 1 GeV.
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e The transverse momentum of the decay was > 250 MeV.

e None of the tracks originating at the primary interaction vertex was

identified as a muon or electron.

In a set of 203 located neutrino interactions [36, 38, 39], four events have
a track that meets all the requirements for T decays, with no evidence of
another lepton from the primary vertex. The total background is estimated
to be 0.34 £ 0.05 events. Two events are identified as T — ev,v, decays and
have negligible level of background from scattering. The probability that the
four events are from background sources is 4 x 10~%, which concludes that
these events are evidence that T neutrino charged current interactions have

been observed.

1.4 Determination of Neutrino mass

The huge abundance of neutrinos left over in the universe from the big bang
(336/cm®) and their contribution to structure formation as well as the key
role of neutrino masses in finding the new Standard Model of particle physics
make the absolute value of the neutrino mass one of the most urgent ques-
tions of astroparticle physics and cosmology as well as of nuclear and particle
physics [40]. The V — A theory of weak interactions [41, 42] proposed that
only left chiral Fermions have weak interactions. Since neutrinos have only
weak interactions, it may be assumed that only left chiral neutrinos exist [43,
44, 45]. The measurement of neutrino helicity to be -1 confirmed this [46].
If neutrinos are purely left chiral they have to be massless, since one needs
both left and right chiral components to construct a massive fermion. How-
ever, experimentalists searched for evidence of neutrino mass in a series of

increasingly precise experiments.
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1.4.1 Electron Neutrino mass from the tritium  decay spectrum

The lower limit is set by neutrino oscillations and the fact that masses are
non-negative. The upper limit is set by laboratory measurements on the beta
decay of tritium. In beta decay the phase-space available to the electron near
the endpoint is modified by neutrino mass, a fact realized immediately by
Fermi [47] as he formulated the theory of beta decay. Tritium has been the
beta-active nucleus of choice because it has a low endpoint energy, which
makes the modification caused by neutrino mass a larger fraction of the total
spectrum [48]:

H — 3He™ + ¢~ + 7, + 18580eV (1.21)

Figure 1.4 defines the requirements of a direct neutrino mass experiment

10
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FIGURE 1.4: Expanded f spectrum around its endpoint Ey for m(v,) =

0 (red line) and for an arbitrarily chosen neutrino mass of 1 eV (blue

line). In the case of tritium, the gray-shaded area corresponds to a
fraction of 2 x 10'3 of all tritium B decays

which investigates a B spectrum: The task is to resolve the tiny change of the
spectral shape due to the neutrino mass in the region just below the endpoint

Ey, where the count rate is going to vanish. Therefore, high energy resolution

is required combined with large source strength and acceptance as well as
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low background rate. Tritium pB decay experiments using a tritium source
and a separated electron spectrometer have been performed in search for the
neutrino mass for more than 50 years. The electron neutrino mass limit [49,
50, 51] has been improved to m,, < 2.3 eV. With the more data coming from
the ongoing KATRIN experiment, this limit is expected to lower down to

about 0.2 eV [52].

1.4.2 Muon Neutrino mass from the decay 7+ — ™ v,

A surface muon beam in a magnetic spectrometer along with a silicon mi-

crostrip detector was used to measure the muon momentum from the decay

2 =
Y

(-0.016 4 0.023) MeV2. which gives an upper limit of 0.17 MeV (C.L.= 0.9) for

nt — ut vy at rest [53]. This leads to a squared muon-neutrino mass m

the muon-neutrino mass.

1.4.3 Tau Neutrino mass from ALEPH experiment

Three- and five-prong T decays were studied by ALEPH [54] to bound the
tau neutrino mass by fitting the distribution of events in the (m;,E},) plane
(Figurel.5). An upper limit of 18.2 MeV on the tau neutrino mass is obtained

at 95% confidence level.

1.5 Neutrino interactions

Neutrinos interact with matter via weak interactions. The first theoretical
description of the weak interaction was given by Fermi [20] as an explanation
for p-decay. The standard neutrino interactions are described by the leptonic

charged current [55]

=2 Y Tla= Y wrQ-1)0 (1.22)

x=e,u,T x=e,UT
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and the neutrino part of the leptonic neutral current

=2 Y W= Y, T (1—7)v. (1.23)

x=e,u,T x=e,Ut

The leptonic charged-current weak interaction Lagrangian

cC
20 = —% (F W + 1y, ") (1.24)

and the corresponding neutrino part of the leptonic neutral-current weak in-

teraction Lagrangian is

(NO) _ & p
L = 2cos€w]Z'VZp ' (1.25)
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1.5.1 Neutrino-electron elastic scattering

Neutrinos and anti-neutrinos undergo elastic scattering process with elec-
trons

vValo=eu1)+e — (1_/)0((04 =e,u,T)+e . (1.26)

The water Cherenkov solar neutrino detectors use this process which does
not have a threshold.
Vet+e —v,+e . (1.27)

Figure 1.6 shows the two tree-level Feynman diagrams which contribute to

the the above process

- \// . ’ \// :
é w- é Z[]
) /\\ § ) /\\e_
(A) Charged current (B) Neutral current

FIGURE 1.6: Tree level Feynman diagrams for the elastic scattering
process v +e~ — v, +e".

For the anti-neutrino case, the charged-current t-channel diagram in fig-

ure 1.6a is replaced by s-channel diagram in figure 1.7a.

(A) Charged current (B) Neutral current

FIGURE 1.7: Tree level Feynman diagrams for the elastic scattering
process U, + e~ — Vo +e .
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The following elastic scattering process also contribute only from the neutral-

current diagram in figure 1.8b.

N (1.28)
1V - (_)
”\\/L Vo {1’)# T
| I
e  Z°
: :
e/,/\je e//\
(A) Charged current (B) Neutral current

FIGURE 1.8: Tree level Feynman diagrams for the elastic scattering
process vV, +e~ — U, +e .

The effects of the W and Z propagators can be neglected for low energy
neutrinos. So, the above processes can be described by the effective charged-
current and neutral-current Hamiltonians. The effective low energy Hamil-
tonian for the elastic scattering process in equation 1.27 is given by

GE (g i 3 7y 2
Hepp = 5 {0" (1 = 1s)e] [eru(1 = ys)ve] + [Fer" (1= vs)ve] [erulgv — gars)e] }
GFr (. ,
= 5 {mr" (L= )] [Eru(1+ gv = (14 ga)vs)e] }

(1.29)

The effective Hamiltonian for the process in equation 1.28 is given by

Hepr = % {7 (1 = v5)va] [E7u(8v — gaY5)e] } - (1.30)
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1.5.2 Neutrino-electron quasielastic scattering

The quasielastic charged-current interaction takes place when muon neutri-

nos with energy above the i production threshold

vyte = vt (1.31)

____%_l____

e Ve

FIGURE 1.9: Feynman diagram for the quasielastic scattering process
Vyte = ve+u.

The effective Hamiltonian for this process is

Heff = % {[Ar" (1 = v5)vy] [Teyu(1 —¥5)e] } (1.32)

1.5.3 Neutrino-nucleon quasielastic charge-current reactions

Neutrinos and anti-neutrinos interact with nucleons through quasielastic charge-

current scattering which can be written as follows
vi+n—p+1-, (1.33)

v+p—on+lT, (1.34)
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with [ = e, u, 7. The process in equation 1.34 with | = e, also called the
inverse beta decay, has been used in the historical experiment of Cowan and

Reines [24, 25, 26].

Vﬂ\\/,/i 9“\\//#+

W+

7/\}? I/\\n

(4) (B)

w-

FIGURE 1.10: Feynman diagrams for the quasielastic charge-current
scattering processes vy, +n — p+u~ and 7, +p = n+ ut.

The matrix element for the process in figure 1.10a is give by

M= (1 plHeggl n) = 2 L (= 95)0,] [P (Fel) + Fa(aPrn]}

Fy(g*) = vector form factor, cos 0. = 0.975 (cabibo angle),

F4(g*) = axial-vector form factor

(1.35)

1.5.4 Neutrino-nucleon elastic neutral-current reactions
Neutrinos and anti-neutrinos interact elastically with nucleons through the
neutral current processes

(E)l +N— (17), +N, (1.36)

where N = p, n. The matrix element for the above process is given by

M= ZIWGW(%)’YVO —s)v(q)(N(p) [5IN(p1)).  (137)



1.5. Neutrino interactions 23

Vi vV

FIGURE 1.11: Feynman diagram for the elastic scattering process.
The most general form for the hadronic weak neutral current is

iotg,
2My

+F5(Q%)7" 15N (p1)),
(1.38)

where F£(Q?), F#(Q?) and F%(Q?) are Dirac, Pauli and axial vector nucleon

(N(p2)ITZIN(p1)) = (N(p2) [F{(Q%) + F5'(Q%)

weak current form factors respectively.

1.5.5 Neutrino-nucleon resonant scattering

With sufficient energy, neutrino can transform the struck nucleon to an ex-
cited state. Through this mechanism, a baryon resonance is produced which

quickly decays, most often to a nucleon and single pion final state.

v+ N — N +1~
(1.39)
N* - n" + N
where N, N’ = n, p. The resonant scattering is the most common means of

single pion production in the intermediate neutrino energy region. Follow-

ing are the seven possible resonant single pion reaction channels (both for
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neutrino and antineutrino scattering), three charged current:

vyt p—u tptnt, Ot p—pHptm,
vtn—p +p+n’,  wutp—opt+n+n, (1.40)

Vy+n—pu +n+mnt, Vu+n—pu +ntmn,
and four neutral current:

Vit p = v+ p+r, Tt p ot p+
Vu+p—vtn+nt, v+ p— U +n+, 141
Vi+n = v +n+n’,  Uu+n— v, +n+

Vytn—vy+p+m, Vyt+tn—v,+p+m .

FIGURE 1.12: Feynman diagram for the neutrino-nucleon resonant
scattering process v, +p = p~ +p -+t

1.5.6 Neutrino-nucleon charged-current deep inelastic scattering

Neutrinos with energies E, > my undergo the charged-current deep inelas-

tic scattering with nucleons

v+ N =1 +X, 7 +N—=IT+X (1.42)
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where N = p,n and X represents a set final hadrons. The Fynman diagram
for the process v;(py) + N(pn) — I (p1) + X(px) at the lowest order weak

interaction perturbation expansion is shown in figure 1.13.

FIGURE 1.13: Feynman diagram for the neutrino-nucleon charged-
current deep inelastic scattering process.

The underlying process for v,-proton deep inelastic scattering is v,d —
p~u. In the limit > < m3,, the W-boson propagator is ~ ig;,/m?,. The

matrix element for this process is given by

2
Mys = Al 5 (1= 7 )u(po)][A(px) 37" (L= ()] (0149

1.5.7 Neutrino-nucleon neutral-current deep inelastic scattering

The neutral-current deep inelastic scattering of high enrgy neutrinos with

nucleons cab be expressed as follows

G ainos G ax (1.44)

FIGURE 1.14: Feynman diagram for the neutrino-nucleon neutral-
current deep inelastic scattering process.
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The Feynman diagram of the above process at the lowest order in the
weak interaction perturbation expansion is shown in figure 1.14. The kine-
matical variables are the same as in the charged-current deep inelastic scat-
tering processes, with the obvious replacements p, — py; and p; = pyyr,
where p,; and p, s are, respectively, the four-momenta of the initial and final

neutrinos.

2
Mys = s gult(pug )5 (0= )y ) 37" (1= (). (149

Figure 1.15 summarizes the existing measurements of CC neutrino and

anti-neutrino cross sections across the intermediate energy range [56].
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FIGURE 1.15: Total neutrino and antineutrino per nucleon CC cross
sections.



27

Chapter 2

Introduction to neutrino

oscillations

One of the most important recent discoveries in particle physics was the dis-
covery of neutrino oscillations in atmospheric neutrino experiments [57] and
in solar neutrino experiments [58, 59, 60, 61]. Neutrino oscillations were
further studied in the long-baseline accelerator experiments K2K [62], MI-
NOS [63] and T2K [11], in the long baseline reactor experiment KamLand
[64] and in the short baseline reactor experiments Daya Bay [65], RENO [66]
and Double Chooz [67]. The phenomenon of neutrino oscillations is the only
signature of physics beyond standard model. In this chapter, we discuss the

physics of neutrino ascillations.

2.1 Neutrino mixing

Neutrino v; (I = e, , T) is produced in the charged current weak decays to-
gether with an /™ or an [~ in the charged current neutrino processes (for ex-
ample, muon neutrino vy is produced in the decay 7" — u* + v, or produces
{~ in the process v, + N — p~ + X, etc). Since they are indentified through
their interactions, they are called “interaction’ eigenstates or ‘flavour eigen-
states’. The charge on the produced lepton [~ or I distinguishes between a
neutrino or an anti-neutrino. Initially Pontecorvo, inspired by the possibility
of K® <+ KO oscillations suggested by Gell-Mann and Pais [68], proposed the

idea of v <+ V oscillations [69, 70]. At that time, it was not known that the v,



28 Chapter 2. Introduction to neutrino oscillations

and v, were different. In 1962, Maki, Nakagawa and Sakata (MNS) proposed
a theory of neutrino mixing based on two kinds of neutrinos v, and v, [71].
Particle states of neutrinos which are different from the flavour eigenstates
but are expressed by the linear combinations of the latter were introduced.
Heisenberg uncertainty principle implies that in the neutrino production and
detection processes it is impossible to reveal small neutrino mass-squared
differences. The state of a flavor neutrino v; is a linear superposition of states

of the neutrinos with definite masses,
) = ) Uylvy). (2.1)
i

Here, U is called the mixing matrix, |v;) is the state of neutrino with mass

FIGURE 2.1: Flavour and mass axes mixing angles [72]

2

m*

m;, momentum 7 and energy E; = ,/p? + m2 R p+ ﬁ

Based on the MNS proposal, Eliezer and Swift [73], Fritzsch and Minkowski
[74], Bilenky and Pontecorvo [75, 76, 77] developed the theory of two flavour

neutrino oscillations in vacuum.

2.2 Two flavour oscillations in vacuum

Here we assume that there are only two flavors v, and v;,,. Neutrinos are
produced in weak interactions in eigenstates of definite lepton number (|v,)

or |v,)) which are not energy eigenstates. |v1), [1) are the eigenstates with
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eigenvalues m; and mj; for neutrinos at rest. A neutrino of type i with mo-
mentum p is an energy eigenstate with eigenvalues E; = , /mlz + p2. A uni-

tary matrix U connects these two sets of states which we can write as

Uy U
u=| " 2. (2.2)
Up Up

The |v,) and |v,) can be written in terms of mass states |v1) and |vy)

v v U U v
| e> —Uu | 1> _ el e2 | 1> (23)

’V]/l> ’V2> uyl uptZ |V2>

or we can write more compactly as

ve) = ) Usilvi) w=e,/. (2.4)
=12

Suppose a neutrino beam consisting of a flavour state |v,(0) with a definite
flavour « at time t = 0 is propagated in free space towards a detector at a
distance L. The eigenstates |v1) and |v;) propagate as per the time-dependent

Schrodinger equation in free space
d .
zg|1/it> = E;|v;t) i=1,2. (2.5)
The mass eigenstate at a later time ¢ is given by
[vi(t)) = e~ v;(0)) = e~ i]v;(0)). (2.6)

The flavour state |v,) at time t will be

[va (t) 2 Ugjlvj(t) Z Ugje™ 1|1/] ). (2.7)

j=1.2 j=12

Inverting the mixing matrix yields

|v;(0) Z +ilv4(0) (2.8)
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Combining equations 2.7 and 2.8 gives

|va(t) 2 Uyje~ " ]Z ‘VW

j=12

‘ (2.9)
=) ) U e ity vy (0)).
T
The amplitude for detecting a |vg) at time ¢
A(lva(0)) = [vg(£))) = (vp(t)|va(0))
. (2.10)
Yo
Orthogonality of the flavour states leads to
=) UyUg; = 0 (2.11)
j

We obtain the oscillation probability by squaring the amplitude. Using the
orthogonality relation, we obtain the probability to be

P(|va) = [vp)) = |A(|va0) — [vpt))[?
= | Y Unye U
j

=3 Unje il 3 Une™ P U

j k
R2 e U Ui Ugee ™4
_ (|u‘31|2‘u1x1‘2 4 |U/32|2!Uaz!2) T ualuglumzugz(ei(qbz—qbl) + e—i(4>2—4’1))
= (|Up1 [P|Uaa |* + [Up2 |*|Un2 ) + 2Una Uy Uga Upcos (¢ — 1)

(2.12)

Here the unitary matrix U is a 2x2 rotation matrix which rotates a vector in

the flavour basis into a vector in the mass basis:

cos@  sinf
U= . (2.13)
—sinf cosO
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So the oscillation probability is

P(|va) — |vg)) = (sin®0c0s*0 + cos*0sin6) + 2(cosh) (—sind) (sind)(cosd)cos(po — P1)
— 2c05%0sin?0(1 — cos(¢y — ¢1))
= sin®(26)sin’ (@) .

(2.14)

The phase difference is

¢2— 1 = (E2 — Eq)t. (2.15)

Since they have very small mass (< 2 eV), neutrinos with energies ~ 1 MeV
are ultra relativistic. Then we can assume that t = L, where L is the distance

between source and detector. In the ultra relativistic approximation

—— | m?

where we made the equal momentum approximation, i.e. we assumed that

i
2p?

both mass eigenstates have the same momentum. In this approximation, we

get

2 2 2
P _ Am“L
P2 — 1= <_2P —2p> L=—F (2.17)

where Am? = m? — m3. Since the neutrinos are ultra relativistic, we approx-

imated p ~ E, which is the average energy of E; and E;. The oscillation
probabilities remain essentially the same even without the equal momentum
approximation. However, this approximation simplifies the algebra consid-
erably.

Using equation 2.17 in equation 2.14, we get

(2.18)

P(lvy) — |vg)) = sin®(20)sin’ (AZ;L> :
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Taking care of 7 and c values and writing L in units of meters and E in units

of MeV, we get
) .2 oL
P(lva) — |vp)) = sin“(20)sin (1.27Am E) : (2.19)
The corresponding survival probability is
P(lva) — [va)) = 1= P(|va) — [vg)). (2.20)

A non zero oscillation probability P(|v.) — |vy)) implies that the mixing
angle 80 and Am?#0. Hence, neutrinos should be massive and the masses
should be non-degenerate (m1#m;). The two flavour oscillations are similar

for both neutrinos and anti-neutrinos.

2.3 Three flavour oscillations in vacuum

With the discovery of v, it became imperative to consider the mixing of all
the three flavour states v, v, and v; which results in three mass eigenstates
vy, v and v3 with masses my, m and mj3 respectively. This implies that the

mixing matrix is (i) 3 x 3, (ii) complex and (iii) unitary

Uy Uxr Uy
u’yl u’yZ u’y3

This is known as the Pontecorvo-Maka-Nakagawa-Sakata (PMNS) matrix
which connects the three flavour eigenstates to the three mass eigenstates

of neutrino as follows:

’Ve> U Up Ue ’V1>
) | = | Un U Ups 12) |- (2.22)
’VT> U U U ’V3>
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The fact that the matrix is unitary means that we can also write

|v1) Uy Uy Uy |ve)
va) | = | Uz U;Z uz, Vi) (2.23)
|vs) Up Uy Uz |ve)
and
Ug Uy Ug Up Us Up 100
Uy Uy Ug U, U, U, |=]010], (2.24)
Uy Up Ug Upn Uiy Ui 001

which gives the following useful relations

Uelujl + u},lu;jl + Uﬂujl =1
ugzu:Z + uyz U;z + Urzuiz =1
U UL + U s3Ul S + Uiy =1
e3™e3 U3~ u3 ™13 (2.25)
uel u;kl + nguj(;z + U33U§3 - 0

uyl LI;“l + uyzuiz + Uygu;, =0.
To calculate the three flavour oscillation probabilities, we proceed just like

the two flavour case. Assume that a neutrino is produced at ¢t = 0 in a pure

lvy) state.

[p(t = 0)) = Ua1|v1) + Uaz|v2) + Ups|vs) (2.26)

The wavefunction at a later time ¢ is given by

() = Up|v) e it 4 Uz |v2) e b2t 4 Uys|vs) e~ iEst

= Uy|n) e i1 1 Uy |v2) e iPhiz 4 Uys|vs) PRy u,@2.27)
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As in the two flavor case, we assume ultra relativistic neutrinos and make

the equal momentum approximation. This leads to

m

2
¢i = Eit = (p + 5) L. (2.28)

Combining equation 2.22 and 2.25 gives

(1)) = Upre™ " (U [ve) + Upq|vye) + Usy|ve))
+Ua2€_i¢2(ll:2|l/g> + u;2|1/]4> + U§2|UT>) (229)

+Uaze™ P (Uzve) + Upslvy) + Uislvr)),

which can be rearranged as

[¥(t)) = (Un ue*le_iq>1 + uazue*ze—ifl?z + uw3u:3€_i¢3)|1/6>
+ (U U;le_i"’l + U,xzu;2e_i4’2 + u“3u;3€_i¢3) V) (2.30)
+ (U Uy e ™+ U UZye ™2  UysUige %) jue)
The oscillation probability P(v, — vg) is
. . 2
P(vy — vg) = ](1//3|1/J(t)>|2 = ’umugle—“i’l + uazugze—“l’z + Uagugg,e_l% :
(2.31)

Using the identity
21+ 22+ 23 = |21 + [z + |23 + 2R(2125 + 2125 + 2023),  (232)
equation 2.31 can eventually be written as

P(vx — vg) = Gap — 4 ) Re(Uy;UpiUajUp; )sin? (Amlzfﬁ)
1>]

L
* AT IT% \eaq 2
+2i>2j1m(umuﬁlua]uﬁj)sm (Amij—2E> ,

(2.33)
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where Am?j = ml2 — m]2

matrices and a complex phase

The PMNS matrix is expressed by three rotation

1 0 0 cosfi3 0 sinfqzeocp cosbip sinbip 0
U= | 0 cosby; sinby; 0 1 0 —sinbqp cosbyn 0
0 —sinby3 cosbrs —sinBize %P 0 cosfy3 0 0 1

(2.34)

or
—is
€12C13 $12C13 s1ze” 1ocr
U= | —s12c23 — €12523513€°CF  C1pC3 — 512513523€°C"  c13803 |, (2.35)

% 5
12523 — €12513€23€"°F  —C12893 — 512513C23€'°CP 1323

where ¢;; = cost);j and s;; = sinf);;. Probabilities with a # B are called
"oscillation probabilities" and the probabilities with « = p are called "survival

probabilties". The expression for survival probability simplifies to

. L
P(va = Vo) =1 —4)_ |Uyi|*|Uyj[*sin® (Amlzjﬁ> (2.36)
i>j

The oscillation probability for the anti-neutrino case is given by

* %\ - L
P(Va — 17/3) = (545 — 42Re(umuﬁiuajuﬁj)sm2 (A 2

L "iisE

1

J . (2.37)
* ) 7% . 2 =

) ; Im Uy UpiUy U )sin <Ami]-2E)

2.3.1 Neutrino mass heirarchy

If the data from the solar neutrino experiments [58, 59, 60, 61] is interpreted

2

in terms of two flavor neutrino oscillations, a mass squared difference AmZ

in the range (107>,107*) eV? is obtained. Similarly, when the atmospheric
neutrino data is interpreted in terms of two flavor neutrino oscillations, a
mass squared difference Am2, in the range (1073,1072) eV? is obtained.
In three flavor oscillations, we can define two independent mass squared
differences: Am3, = m3 — m? and Am3; = m3 — m3. The third mass squared

difference is a linear combination of these two. Without loss of generality, we
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2

Stm 1S more

can identify Amgol = Am3; and Am?,,, = Am3;. Given that Am
than an order of magnitude larger than Am? |, we can say that Am%, ~ Am3;.
Solar neutrino data require Am3, to be positive but there is no constraint on
the sign of Am3, so far. This sign ambiguity, called "neutrino mass hierarchy
problem", leads to two possible patterns of neutrino masses: (a) mz > mp >

my called "normal heirarchy (NH)" and (b) my > my > mj3 called "inverted

heirarchy (IH)". These two patterns are shown schematically in the figure 2.2.

Neutrino Mass Hierarchy

@]V“ @\JT

Inverted

Em—— V,

ET—— Vg

FIGURE 2.2: Normal and inverted netrino mass heirarch [78].

2.4 Effective 2-flavour oscillations from 3-flavour oscillations

To observe the effect of neutrino oscillations, it is desirable to have
L
yAmiZj|E ~ 1. (2.38)

Since Am3, is much smaller than |Am3,], it is possible to satisfy the above
condition for either Am3; or |Am3, | in a given experiment. If [Am;|L/E ~ 1
is satisfied, |[Am3,|L/E > 1 and the corresponding oscillations are averaged
out. If [Am%,|L/E ~ 1 is satisfied, |Am3,|L/E < 1 and the corresponding
oscillations will be too small to be observable. These features enable us to
simplify the expressions of three flavor survival probabilities into those of

effective two flavor survival probabilities.
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24.1 Long baseline reactor experiments

These experimets utilize large fluxes of electron anti-neutrinos, with energies
of the order of a few MeV, produced in nuclear reactors by B~ -decays of
heavy nuclie. The experiments are designed such that

L L
Am%lE ~1  and AmglE >> 1. (2.39)

The oscillations due to m3; are averaged out due to either the size of the
production region or experimental energy resolution. For L/E ~ 10* m-

MeV ! equation 2.36 gives the effective survival probability

L 1
P(7, — 7,) = 1 — cos?(6;3) sin? (261, ) sin? (1.27Am%1 E) ~5 sin?(26;3).
(2.40)
CHOOZ experiment [79] has shown that sin?(263) < 0.1. In the approxima-

tion of neglecting 613, we get the effective two flavor survival probability
_ _ .2 ) 2 L
P(7 — 7,) =1 —sin“(261) sin (1.27Am21E> . (2.41)

KamLAND: Kamioka Liquid Scintillator AntiNeutrino Detector (KamLAND)
experiment was proposed in 1994 to study the oscillations of electron anti-
neutrinos emitted from far away nuclear reactors. It is located at the Kamioka
mine beneath the mountains of Japanese Alps, about 200 km west of Tokyo.
Almost all the 26 reactors are located nearly 180 km away from the Kamioka
mine. The KamLAND liquid scintillator (LS) is a chemical cocktail of 80% do-
decane, 20% pseudocumene (1,2,4-trimethylbenzene) and 1.36 g/liter of PPO
(2,5-diphenyloxazole) as a fluorescent medium. After entering the detector,
electron anti-neutrino undergoes inverse -decay. The emitted positron de-
posits its energy and then anhilates to two <y-rays (each with 511 keV). Thus,
the inverse B-decay reaction provides a clear signature of the prompt e™ fol-
lowed by delayed photon due to neutron absorption, with definite time cor-

relation. Following critera were used to identify the 7, events
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e fiducial volume (radius < 5m),

e prompt e™ and delayed 7 time correlation 0.5 ps < AT < 660 us,
e vertex correlation AR(|prompt - delay | )<1.6m,

o delayed 7y energy (1.8<Ee4ye4<2.6 MeV)

This experiment has observed both the flux suppression and spectral distor-
tion caused by neutrino oscillation and gave Am3; = (8.2 4+ 0.6) x 10™°¢V?

and tan®6,; = 0.1 — 10 [64].

2.4.2 Long baseline accelerator experiment

These neutrino experiments are operated with muon neutrino or anti-neutrino
beam produced by the decay in flight of pions and kaons created by shoot-
ing a proton beam to a target. The source-detector distance is about 10> — 103

km. If the experiment is designed such that
A2 E o1 and  AmdE << (2.42)
312 212F ’ '

then the oscillations due to the smaller Am%l remain a small correction which
can be neglected. The effective muon neutrino survival probability with

13 << 1is given by

P(vy — v,) = 1 — sin®(263) sin? (1.27Am§2%) (2.43)
MINQOS: Main Injector Neutrino Oscillations Search(MINOS) uses an accel-
erator produced beam from the Fermilab (USA) Main Injector accelerator.
The peak of the low energy neutrino beam is adjusted to be about 3 GeV. The
MINOS far detector is a magnetized steel scintillator detector with 5 ktons
of mass located 735 km away in the Soudan mine; in addition MINOS has
a near detector using the same tech- nology with 1 kton of mass placed ~ 1
km away from the beam production target. Both near and far detectors are

placed on the NuMI beam line axis. These detectors are tracking, sampling
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calorimeters, consist of 2.54 cm thick iron plates interleaved with scintilla-
tor planes composed of 1 cm thick, 4.1 cm wide alternating orthogonal scin-
tillator strips with read out using multi-anode photomultipliers. The Near
Detector has a 23.7t fiducial mass and the Far Detector has a 4.2 kt fiducial
mass. Both detectors are magnetized with a toroidal magnetic field to focus
negatively charged particles. A charged current interaction of a muon neu-
trino in MINOS is characterized by a muon track with one or more hadronic
showers [80]. MINOS obtained | Am3, | = (2.43 £ 0.13) x 10~3eV? (68% C.L)
and sin?(26,3) = 0.90 (90% C.L) [81].

2.4.3 Short baseline reactor experiment

These experiments also utilize large isotropic fluxes of electron antineutrinos
produced in nuclear reactors by p~-decays of heavy nuclei. A typical energy
of reactor v,’s is of the order of a few MeV and the source-detector distance
in the reactor short baseline experiments is ~ 1 km with following condition

L L
AmglE ~1 and Am§1E << 1 (2.44)

With the above approximations, the survival probability for these experi-

ments becomes
_ _ .2 .0 2 L
P(7, — 7,) = 1 — sin“(2613) sin (1.27Am31E> . (2.45)

Daya Bay: The Daya Bay experiment is located at the Daya Bay nuclear
power complex near Shenzhen, China. It had three cylindrical nested fluid
volumes separated by two acrylic vessels. The innermost volume contan-
sied 20 tons of linearly-alkyl-benzene-based liquid scintillator, doped with
0.1% gadolinium. Scintillation light was collected by reflectors on the top
and bottom of the detector and by 192 photomultiplier tubes (PMTs) on the
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walls of the detectors. The Daya Bay analysis used coincident events to re-
duce ambient radiative background. The detectors were optimized to ob-
serve the prompt positron and delayed neutron of the inverse beta decay pro-
cess. Events were seleceted after rejecting flashing PMT events and applying
a muon veto. Inverse beta decay candidate were chosen from promt-delayed

coindence events which satisfied the following cuts
e energy of prompt signal between 0.7 and 12 MeV,
e delayed signal energy between 6 and 12 MeV,
e time between prompt and delayed events between 1 and 200 yu s,
e no signals 400 u s before or 200 y s after the delayed neutron event.

In the standard 3-neutrino framework, Daya Bay yields sin?26;3 = 0.089 +
0.010 [82]

RENO: Reactor Experiment for Neutrino Oscillation (RENO) is another short
baseline reactor neutrino oscillation experiment in South Korea. It uses anti-
neutrinos emitted from the Yonggwang nuclear power plant. There are iden-
tical near and far 7, detectors located at 294 m and 1383 m, respectively, from
the center of six reactor cores. The reactor 7, is detected through the inverse
B-decay process using hydrocarbon liquid scintillator with 0.1% Gadolinium
(Gd) as target. The inverse B-decay events are selected against background

with following criterion

e coincidence of a prompt positron signal and a delayed signal from neu-

tron capture by Gd(n-Gd) (AT ~ 28pus),

e the prompt signal energy ~ 1.02 MeV (two 7y-rays from positron anni-

hilation in addition to the positron kinetic energy,
e The delayed signal with several y-rays with total energy of ~ 8 MeV.

The best-fit value obtained by RENO is sin? 26,3 = 0.113 £ 0.013 [83]

Double Chooz: Double Chooz is also a short-baseline neutrino oscillation ex-

periment in Chooz, France. The far detector is located at an average distance
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of 1,050 m from the two reactor cores, in a hill topology with 300 meters water
equivalent (m.w.e.) rock overburden to shield cosmic muons. Double Chooz
has a calorimetric liquid scintillator detector made of four concentric cylin-
drical vessels optimized for detection of reactor neutrinos. The central re-
gion of the detector consists of three concentric cylinders, collectively called
the inner detector (ID). The innermost cylinder is the 10.3 m? target. This is
surrounded by a y-catcher (GC) (22.5 m3). The target liquid is a PXE-based
liquid scintillator doped with Gd at a concentration of 1 g/1, while the -
catcher (GC) liquid is an undoped liquid scintillator. Outside the y-catcher
is the buffer, a 105 cm thick layer of non-scintillating mineral oil contained
in a stainless steel tank. Light from the target and -y-catcher volumes is col-
lected by 390 low background 10-inch PMTs installed on the inner wall of
the buffer tank. Outside the buffer tank, and optically isolated from it, is
the inner veto (IV), a 50 cm thick layer of liquid scintillator in a steel tank.
The IV is equipped with 78 8-inch PMTs and serves as a veto for cosmic rays
and fast neutrons entering the detector. The IV is surrounded by a 15 cm
thick layer of demagnetized steel which suppresses y-catcher from radioac-
tivity in the surrounding rock. Above the IV is the outer veto (OV) detector, a
scintillator-strip-based muon tracking system. The inverse B-decay signal is
a twofold coincidence of a prompt positron energy deposition, Eyrompt, and a
delayed gamma energy deposition, Egj,y, resulting from a neutron capture
on hydrogen or Gd. The separation in time and space, At and Ar, of the co-
incident events are determined by neutron capture physics. Neutron capture
times are 200 ps in the y-catcher and 30 yus in the target, where the presence
of Gd greatly increases the neutron capture probability [84]. The best value
obtained by Double Chooz is sin® 265 = 0.090 =+ 0.035 [85].

2.4.4 Sign of Am%l, octant of 6,3 and value of écp

The data from solar neutrino experiments have established that Am3, is pos-
itive but there is no information on the sign of Am3;. Long baseline experi-

ments have shown that the value of sin? 6,3 is close to 1, which gives rise to
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the octant ambiguity of 3. Following are the unaswered quastions about

neutrino oscillations:

e whatis the sign of Am%l and correct neutrino mass hierarchy? +ve (NH)

or -ve (IH)?
e what is the octant of 0y3? 03 < 77/4 or 63 > 71/4?
e What is the value of CP violating phase écp?

To answer these quastions, various experiments are running and are being

planned.

1. T2K and NOvA: These are the long baseline accelator neutrino exper-

iments which measure P(v, — v.) and P(7, — 7,). But these prob-
abilities depend on all the above three unknowns therefore these two
experiments give a number of degenerate solutions which are difficult

to resolve (a detailed discussion in chapter 8).

2. DUNE: This is an upcoming long baseline accelerator neutrino experi-
ment. Degenerate solutions can be avoided by using DUNE data due to

larger matter effects.

3. JUNO and RENO 50: T2K and NOvA can measure the effective mass

quare differece [86]

Amfm ~ sin? 612Am§1 + cos? 912Am§2 + sin 2675 sin 63 tan 653 cos 5Am§1,
(2.46)
JUNO and RENO 50 can measure

Amge ~ cos? 912Am§1 + sin® 912Am§2, (2.47)

We can also calculte the difference of these effective quantities

|Am |Am2,| = +Am3;(cos 261, — sin 261, sin 613 tan B3 cos ).

(2.48)

2|_
Hu
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where the positive and negative signs correspond to normal and in-

2
KH

and Am?, at the level of 1% or so can give sign of Am%,. This is very dif-

verted mass hierarchies, respectively. Accurate measurement of Am

ticult because it needs inverse B-decay energy reconstruction at (2-3)%

level.

4. INO: India-based Neutrino observatory (INO) is an upcoming atmo-
spheric neutrino experiment which will look for matter effects in atmo-
sphric neutrino events. Hyper Kamiokande (HK) also plans to do the

same.
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Chapter 3

Matter dependent neutrino

oscillations

In 1978, L. Wolfenstein [87] considered the problem of neutrinos travelling
in matter. He showed that the coherent forward elastic scattering of neutri-
nos with the partciles in the medium (electron, proton and neutron) can be
parametrised in the form of a potential. This potential modifies the mass
eigenvalues and the mixing of the neutrinos. The effective mixing angle can
be larger than the mixing angle in vacuum for suitable density of matter. S.
P. Mikheev and A. Yu. Smirnov discovered that when neutrinos travel in a
medium with varying density [88, 89, 90], there can be a region along the
neutrino path for which the effective mixing angle takes the maximal value
(7r/4). This resonant amplification of the mixing angle is called the "MSW

effect". This effect is needed to explain the energy dependence of the solar

2 =
sol

e
\\// Ve o My, Vr Ve y Vs Vr
'

' Z0

//\ e,p,r/\p‘n
Y,

(B) NC scattering

neutrino survival probability. It also requires Am Am3, to be positive.

e

(A) CC scattering

FIGURE 3.1: Feynman diagrams of the elastic scattering processes.
CC potential V¢ is generated through W exchange and NC potential
Ve is generated through Z exchange.
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3.1 Effective matter potential

Propagating through matter, neutrinos are subjected to effective potentials
due to the interaction with the medium through coherent forward elastic
weak CC and NC scatterings. The feynman diagrams of CC and NC scat-
tering are shown in figure 3.1. The effective CC hamiltonian corresponding
to the feynman diagram 3.1a for an electron neutrino propagating in a homo-

geneous and isotropic gas of unpolarized electrons
HSS = Ll (= 7wl oo — 1)l 31
V2
This Hamiltonian leads to the charge current potential V¢ is given by
Vee = V2GeN, (3.2)

where N, is the electron density of the medium. Based on the form of the
interaction given in eq.3.1, we note that the potential V¢ is experianced only
by v,. There is no such potential for v, and v.

The NC interactions lead to a corresponding potential Vyc. In the elec-
troweak model, the NC interactions of each of the neutrino flavors are the
same. Therefore, we have the same V¢ for v,, v, and vr. Therefore, the net

matter potential for flavor v, is

Vi = Vecdae + Ve (3.3)

3.2 Neutrino mixing in matter

Similar to the vacuum oscillation case, we start with a neutrino in flavor state
a(e = e, u,7) and the mass eigenstate k (k=1,2,3) with momentum ? con-

nected through the mixing matrix U

va) =Y Ujelvi). (3.4)
k
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|vk) with momentum ? is an eigenstate of vacuum hamiltonian Hy:

Holwi) = Exlu),  with  Ex=\/p*+ml=p+m  (35)

The total hamiltonian in matter, with the inclusion of matter effect, becomes
Consider a neutrino with initial flavor a. The time evolution of v, is given by

the Schrodinger equation

d
lﬁh/a(t)) = Hlvq(t))- (3.7)

The transition amplitude of v, — v after a time t is given by

Yap(t) = (vplva(t)). (3:8)

The time evolution of the transition amplitude is

.d
i ap(t) = ). <; UpkExUyy + (5/317‘/5) P () 3.9)

U

The evolution equation can be rewritten as

1%%/&( t) = (P + —2 + VNC) Pap(t +Z (Z U/sk mk U*k + 5/3e517chc> Pay (t).
(3.10)

The first term in the above equation generates the same phase for all flavours

which does not affect the flavor transions. Therefore, the relevant evolution

equation for the flavor transition amplitudes is

dt%ﬁ Z <Z Upi—

m
K U*k + (5{33(5;7€VCc> Qbaﬂ(t). (3.11)
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ertmg eq311 ln matrix form
Z o L% .

where the effective hamiltonian Hr is given by

1

H
F=5F

(uMUut + A). (3.13)

The explicit forms of various terms in equations 3.12 and 3.13 are

Yae 0 0 0 Acc 0 0
Yo=| o |, M*=| 0 am4 o |, A=]| 0 00 |,
Par 0 0 Amj 0 00
(3.14)
where
Acc = 2EVee = 2V2EGEN,. (3.15)

3.3 2-flavor oscillations in matter

Before discussing the complicated case of 3-flavor oscillations, first we con-
sider the simpler case of 2-flavor oscillations in matter. We take the initial

neutrino to be an electron neutrino. The time evolution equation can be writ-

ten as
d Pee 1 —Am? cos26 + Acc Am? sin 26 Pee
- T ’
at Peu 4E Am? sin 20 Am? cos20 — Acc Peu
(3.16)
where Am? = m5 — m? and 6 is the vacuum mixing angle, defined by
Ve = cosOvy +sinfvp, v, = —sin6Ov; + cos Ov,. (3.17)

The effective Hamiltonian matrix is diagonalised by an orthogonal transfor-
mation

UL HrUy = Hyy, (3.18)
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where

1
Hy = 4—Ediag(—Am%4,Amﬁ4), (3.19)

is the effective hamiltonian matrix in the mass basis in matter. The diagonal-
ising matrix
cosfy sinfy

Uy = (3.20)
—sinfy; cosf

is the effective mixing matrix in matter. The effective mass squared difference

is given by

Any = \/ (Am? c0s20 — Acc)? + (Am?sin20)2, (3.21)

The effective mixing angle in matter 6y, is given by

tan20
1 Acc
Am?cos26

tan 20y = (3.22)

The effective mixing angle 0y in matter assumes the maximal value (77/4)

when Acc becomes equal to
AR = Am? cos 26. (3.23)

This mechanism is called the "MSW effect". Acc is positive in normal matter
therefore, there can be a resonance only if 8 < 71/4. The matter potential is
reversed for anti-neutrinos hence the resonance can occur only for 6 > /4.

We can also write

Am? sin 26 Am? cos 20 — Acc
———, 0820y = >
Amy, Amy,

sin 20y = (3.24)

The evolution equation in terms of the effective mixing angle in matter can
be written as
d [ e 1 [ —Am3,cos20p Am3,sin26)y Pee

== . (3.25)
dt Peu 4E Am3,sin20y  Am3,cos 20 Peu
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We calculate the oscillation probabilities in a manner similar to the vacuum
oscillation case. The 2-flavour mixing of neutrinos in terms of mass eigen-
states in matter can be written as

[Ve) = |V1m) cOs Opr + Vo) Sin Oy,
(3.26)

[vu) = —|vim) sin Oy + |v2m) cos O

We assume that the initial neutrino flavor is v,, at a later time t, the flavor

state is given by

Ay LTI
[v(t)) = [vim)e " P cosOpr + |V )e' I P sin 6. (3.27)

The probability of detecting |v(t)) as |v;) at time tis

Pr(ve = vi) = [{vulv (1))

Amz Am2
. My i— My 2
= | —sinfOp.e”" i " cos Oy + cosOpp.e A sin By

A} A} 3.28
= | sin O cos GM(e’%t — eil%t)\2 429

Am?

. 2 ) M
= 20 t].
sin” 20 sin ( 3 )

For ultrarelativistic neutrinos, t can be replaced by L (the neutrino path-

length)

L
Ppi(ve — vy,) = sin? 20, sin? (Amﬁ/lﬁ) (3.29)

and the survival probability is given by

Pypi(ve — ve) = 1 — sin? 26 sin? (Amﬂ&) (3.30)

It is to be noted that in the above discussion, we have assumed that the neu-
trinos propagate in matter of a constant density. For varying matter densities,

one has to consider the corresponding variations in the expressions for Am?,

and 6.
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3.4 3-flavor oscillations in matter

In three flavor case, the Schrodinger equation for neutrinos propagating through

matter of constant density can be written as

.d
1E|Voc> = Hlva), (3.31)

where the effective hamiltonian Hr is given by

1
Hp = E(Lmv[zu+ +A), (3.32)
with
0 0 0 Acc 0 0
M*=10 aAam4 0 |, A=] 0o o00|[.- (333
0 0 Am} 0 00

The mixing matrix U can be written as

U (612,613,023, 0cp) = O23(623)Ui3(613,dcp)O12(012), (3.34)
and U13(613, (SCP) = u§CP013U+CP, where

ebcr/2.0 0

Usep = 0 1 0 . (3.35)

0 0 e ice/2

Therefore, U = u23(923)u5@013ugcp Uip(612) and A = u23(923)u5CPAugCP ud,.
Equation 3.31 can be written as

d 1
zEm) = E[uA(uBﬂv[Zug3 + AU |va), (3.36)

where Uy = Uz3(623) Uy, and Up = U13U:§CP Uip(612). Equation 3.36 can be
written as

.d 1
i lve) = S [Ua(MR)UR]ve), (3.37)
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with
M3 :i(un\/{zu*JrA)
M= 2E '
0 0 0 Acc 0 0
=Ug| 0 Am3, 0 |Ug+| 0 0 0 (3.38)
0 0 Am3 0 00
= My + My
where
00 0 Acc 0 0
My=Ug| 00 o0 ut+| o o0 o (3.39)
0 0 Amj 0 00
and
0 0 0
My=Ug| 0 Amd 0 |Uj. (3.40)
0 0 0

Using the one mass squared difference (OMSD) because Am%l < Am%l, we
can neglect Am3,. The matter modified mass squared matrix in OMSD ap-

proximation is

A+ Am3 sin?63 0 AmZ, sin63 cos i3
M}y = My = 0 0 0 . (341

Am3, sinfs3;cosfi3 0 Am?, cos? 03

We can find a matrix U4 which diagonalises the M3,. The matter modified

PMNS matrix, in OMSD approximation, can be written as

m 3 m
cos 075 0 sin 03
Uomsp = UaUg = | —sinfysin073.6°CP  cosfrz  sin bz cos 0]4.e/%c

— €0s b3 sin 9%.615@ —sinf3 cos B3 cos 9’1”3.ei5CP
(3.42)
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where
2 .
Amz, sin 2643

tan 2075 = (3.43)

Am3, cos 2013 — Acc
The oscillation and survival probabilities for neutrinos propagating through

a constant density matter, under OMSD approximation are

Am3; L
P =1 — sin® 267} sin (1 27%) ,

Am3, L
P = sin® 267 sin® 63 sin (1 27— E31 ) ,

2F
AmZ + A — Amglm)L>

Am?, + A+ Am%,™)L
P;Ty:l—c0529%81n22923sin2 (1.27( e + A+ Az, ") > (3.44)

— sin® 075 sin? 263 sin? (1.27( o7

Am3, "L
— sin® 63 sin® 207 sin’ (1 27 m3E1 )

and similarly for other channels. The matter modified mass squared differ-

ence Am%lm is defined as

Andy™ = \/(And, cos 201 — A)2 + (And, sin2613)2, (3.45)

M); can be considered as perturbation for a non-zero 1-2 mixing. Applying
standard perturbation theory, we can calculate the eigenvalues and the diag-
onalizing matrix of the matter modified mass square matrix in flavour basis.
By doing so, it is straight forward to calculate the oscillation probabilities.

The probability of muon neutrino oscillating into electron neutrino is

A A
)
All—A
P;,’fz = sin? 260;3 sin? 93%
(1-A)?
A nAA sin A(1 — A
+ & cos 613 sin 2601, sin 26013 sin 26,3 cos(A + dcp) sm/\ sin A( ; ) (3.46)
A 1-A

VAWAY
sinZ AA
A2

A

+ a? sin? 261, cos? 013 cos? Oy3



54 Chapter 3. Matter dependent neutrino oscillations

upto second order in Am%1 [91, 92, 93], where g = Am%lL/ALE, 2 = A/Am%1
and & = Am3,/Am3,. In the above equation, Am3,>0 for NH and Am3; < 0
for IH. The probability for muon anti-neutrino oscillating into electron anti-
neutrino can be written by changing the signs of dcp and A in equation 3.46.
Therefore for neutrino (anti-neutrino), 1& is positive (negative) for NH and
negative (positive) for IH. Therefore, P, is sensitive to both hierarchy and
dcp. The first term in equation 3.46 is proportional to sin® @y3 , which makes
Py sensitive to the octant of 63. If uncertainty in 63 is large, then P, be-
comes sensitive to 013 as well. The dependencies of Py, on hierarchy, cp and
octant of 6,3 give rise to eight fold degeneracy problem [94]. We will discuss

about the degeneracies in the chapter 8.
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Atmospheric neutrinos

4.1 Atmospheric neutrino flux

High energy particles, mostly protons, from galactic and extragalactic sources
are continously bombarding earth’s atmosphere. These so called "primary
cosmic rays" interact with the nuclei of air molecules in the atmosphere and
produce secondary particles such as pions, kaons and muons. These sec-
ondary particles further decay to neutrinos through following decay chains.
These neutrinos are called "atmospheric neutrinos".

T = uF 4, (7,), a1

nE = eF v (vy) + ve (V).
The contribution due to kaons is small compared to that of pions for neu-
trinos in few GeV range. This cascading process of neutrino production is
illustrated in the schematic diagram shown in figure 4.1. The average height
of the neutrino production is 15 km above the ground. The primary cosmic-
ray flux varies with the energy, approximately as E~27 in the GeV to TeV
energy range. Therefore, the atmospheric neutrino flux rapidly decreases
with the increasing energy. It is to be noted that mainly two flavors v, and
vy, neutrinos, along with their anti-particles are produced in the atmosphere.
At low energy, approximately two (v, plus 7,) are produced for each (v, plus
7,). The flavor ratio

_ Vut v

r=-t—F 42
— (4.2)
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is predicted to be very close to 2 by detailed calculations of the neutrino flux
as shown in 4.2. It increases with increasing energy because more and more
muons reach the ground before they decay. The atmospheric neutrino fluxes
are modulated with the 11 year solar cycle due to the modulation in the pri-
mary cosmic rays fluxes. This ratio is calculated with an accuracy better than
a few percent in the GeV energy range. Therefore, it is a good means to in-

evestigate neutrino oscillations.
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FIGURE 4.1: Production of atmospheric neutrinos.
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FIGURE 4.2: vy, + 7,,/ve + 7 ratio of the atmospheric neutrino flux
versus neutrino energy [95].
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An important characteristic of the atmospheric neutrino flux is the up-
down symmetry. If a neutrino enters the Earth at a point with zenith angle 6;,
should leave the Earth at a point with zenith angle 6,,; with 6;, = 7T — 0.
This is shown in figure 4.3. Since the cosmic rays arrive on earth from all
direction with equal rate, there must be a neutrino going in the opposite di-
rection with same entry and exit angles. Hence, the rates of up-going and
down-going neutrinos are equal. Therfore an up-down assymmtry of neu-

trino flux is a compelling evidence for neutrino oscillations. Figure 4.4 shows

FIGURE 4.3: Trajectory of a neutrino which enters the Earth at an an-
gle 0, and exit at ;.

the calculated zenith-angle dependence of the atmospheric neutrino flux for
3.2 GeV neutrino energy at different locations [96]. It can be seen from this
figure that the flux is up-down symmetric. However, below this, the flux
is not exactly up-down symmetric because the geomagnetic field of earth
significantly bends the low energy cosmic-ray particles. Thus the flux of
low energy, down-going neutrinos depends on the local geomagnetic field
above the detector. But the flux of low energy , up-going neutrinos, the ge-
omagnetic field effect is averaged out by integrating over all angles. As it
can be seen from the figure 4.4, the flux is typically maximum near horizon-
tal (cos 6, = 0), where muons travel maximum distance and most likely to

decay. The ratio in 4.2 increases for high energy vertical neutrinos, where
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muons have less chance of decay, so the second reaction in equation 4.1 is
less probable. Figure 4.4 shows the atmospheric neutrino fluxes (averaged

over all azimuthal angles at 3.2 GeV) variation with zenith angle for different

sites.
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averaged over all azimuth angles at 3.2 GeV for different sites [96].

KAM stands for the SK site, INO for the INO site, SPL for the Soth
Pole and PYH for the Pyhésalmi mine.
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4.2

Uncertainities in the atmospheric neutrinos flux

There are a large number of atmospheric neutrino flux calculations, each of

which uses different aaproaches, different interaction models and different

representations of the primary cosmic-ray spectrum [97, 98, 99, 100, 101, 102,

103].
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Figure 4.2 shows the flavor ratios for the three different calculations which
agree to better than 5%. On the other hand, the uncertainity in the normal-
ization of the neutrino flux is larger and increases with energy. Overall un-
certainty is at the level of £15% in the GeV range.

Figure 4.5 shows the variation of neutrino-type ratios with zenith angle.
The red lines with circles correspond to v, /7,, black lines with square repre-
sent v, /7, and the green lines with triangles show (v, + 7, /v, + 7,). Uncer-
tainties in the ratios are much smaller because uncertainties in the primary
spectrum and in hadronic interactions cancel in lowest order in the ratios.
The uncertainty in the flavor ratio of equation 4.2 is of order £1% for E, <
30 GeV. The uncertainties (6-7% for v, /7, and 1-5% for v, /7)) are larger than
r because they are more sensitive to the charge ratio of the parent mesons

[104].

4.3 Atmospheric neutrino anomaly

Atmospheric neutrinos were first detected in 1965 by the Kolar Gold Field
experiment in India [105] and an experiment led by Fred Reines in South
Africa [106]. In these experiments, muons created by neutrino interactions
in the rock surrounding the detector were observed. The neutrino detectors
were placed deep underground (~ 8000 metres water equivalent (m.w.e)).
Therefore the charged particles traversing the detectors almost horizontally
were essentially of atmospheric neutrino origin. The first detection of atmo-
spheric neutrino induced muon signal was anounced by these experiments
almost simultaneously. IMB [107] and Kamiokande II experiment [108] were

set up to search for proton decay with a lifetime of less than 1032

years, as
predicted by early Grand Unified Theories. These experiments first reported
a discrepency between the predicted atmospheric neutrino fluxes and that
which was observed in the detector. They measured the number of e-like and

p-like events, which were mostly CCv, and CCv), interactions, respectively.
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It was found that the number p-like events had a significant deficit com-
pared with the Monte Carlo prediction., while the number of e-like events
were in good agreement with the prediction. The flavor ratio of the of the
atmospheric neutrino flux in equation 4.2 has been calculated to an accuracy
of better than 5% in the relevent energy range. The value of the double ra-
tio, (Vi + 7/ Ve + Ve) Data/ (Vi + Uy / Ve + Ve) m.c, is measured to be less than 1.
These measurements triggered the current interest in atmospheric neutrino
oscillations.

Another interesting puzzle regarding atmospheric neutrinos was the up-
down asymmetry. Kamiokande studied the zenith angle dependence of multi-
GeV fully-contained events and partially contained events. Neutrinos enter-
ing the Earth with different zenith angles travel different pathlengths. Thus
the neutrino oscillation probability is a function of the zenith angle of the
neutrino direction. Vertically downward-going neutrinos travel about 15 km
while vertically upward-going neutrinos travel about 13000 km before inter-
acting in a detector located near the surface of the Earth. The kamiokande
data revealed that the deficit of p-like events depends on the neutrino zenith
angle. Further in 1998, the Super-Kamiokande (SK) experiment with much
larger data statistics proved that neutrino data contained evidence for neu-

trino oscillations [109].

4.4 Atmospheric neutrino experiments

The atmospheric neutrino interaction rate is about 200 kt~'year—! and the
background rate at the surface due to cosmic ray particles is much larger i.e.
~ 2 x 10?m~2s~1 [110]. Therefore, it is not possible to carry out atmospheric
neutrino experiments at the surface. Muons consist of a large fraction of a
secondary cosmic rays at the surface which lose their energy only by ioniza-
tion. The atmospheric neutrino detector must be located deep underground

to significantly cut the muon flux. The variation of cosmic ray muon flux
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FIGURE 4.6: Cosmic ray muon flux versus depth of the detectors
[111].
with the depth of the detector is shown in figure 4.6 for different experi-
ments. The rate of cosmic ray muons should be compared with the observed
atmospheric neutrino rate in the fiducial volume of the corresponding detec-
tor. It was found that the ratio of cosmic ray muon rate and the atmospheric
neutrino event rate was ~ 2 x 10% in Super-Kamiokande. There are mainly
two types of atmospheric neutrino detectors, (a) water Cherenkov detectors
and (b) fine-grained tracking detectors. We describe these detectors in the

follwing subsections.

441 IMB

The first very large water Cherenkov detector was built by the Irvine-Michigan-
Brookhaven (IMB) collaboration [112]. Charged particles with a velocity
B>0.752 produce Cherenkov radiation in a cone about the particle direction.

Water Cherenkov detectors use Cherenkov raditiation from relativistic charged
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particles produced by the neutrino interaction with nucleus to observe an at-
mospheric neutrino event. The opening angle of the cone approaches 42°

as B — 1. Sufficiently purified water is transparent to the Cherenkov light
which allows it to be collected by photomultipliers tubes (PMTs). A 2-dimentional
array of PMTs record the hit time and the pulse height. The timing informa-
tion with resolution of a few nanoseconds is used for vertex position recon-
struction and the pulse height (total number of photo-electrons) corrsponds

to the energy of the particles crossing Cherenkov threshold.

The IMB detector was situated 65 km east of Cleveland, Ohio in a salt
mine operated by Morton. It started taking data in 1982 and ended in 1991.
It used 3.3 kton of liquid water which filled a cube ~ 15 m on a side. The full
detector dimensions were 22.5 x 17 x 18m® and the total mass was 8 kton.
The first phase of IMB (IMB-I) detector used 2048 13 cm hemispherical PMTs
each of 5-inch diameter. In the first upgrade (IMB-2), light collection was
improved by installing 2feet x2feet x 0.5 wave shifting plates. The final up-
grade (IMB-3) detector was equiped with 2048 20 cm PMTs coupled with
waveshifters.

This experiment reported that out of the total number of single track can-
didates, 34 events had a muon decay signal while 43 were expected [113].
Similar deficit in muon decay events was established by the Kamiokande ex-

periment.

4.4.2 Kamiokande

The Kamiokande was also a water Cherenkov detector located at a depth
of depth of 2700 meters water equivalent in the Kamioka mine in Japan
[114, 115]. The first phase of the experiment was operated without the an-
ticounter layer and was called kamiokande-I. The detector was upgraded to
the second phase "Kamiokande-II", with a new electronics system capable of
recording the arrival time of each PMT signal along with its charge. Conti-
nous water purification and removal of radioactive contamination improved

the low-energy neutrino detection capability. PMT gain was doubled which
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improved resolution for low-energy electrons and event vertex reconstruc-
tion. The second upgrade took place in 1990 when all the dead PMTs were
replaced and the entire electronics were replaced with a more compact, low
power system. Each PMT in the inner detector was equiped with a reflec-
tor to collect more light. This phase was called Kamikande-III. An schematic
diagram of the detector is shown in the figure 4.7. Pure water with a mass
of 3,000 tons filled a 16 m high and 15.6 m diameter cylindrical steel tank.
The inner detector with 13.1 m height, 14.4 m diameter and 2,140 tons mass
was viewed by 948 PMTs. The top and bottom of the inner detector had 164
and 160 PMTs respectively. This inner detector was surrounded by a 471 wa-
ter Cherenkov anticounter layer viewed by 123 PMTs. The observed data
was divided into two sets, (a) sub-GeV data set with E,;; < 1.33 GeV and
(b) multi-GeV data set with E,;; > 1.33 GeV. The mult-GeV data was fur-
ther divided into two categories (i) fully contained events and (ii) partially-
contained events which have their interaction vertex in the fiducial volume
and at least one visible track leaving the inner detector. The selection criteria

for fully contained multi-GeV events was as follows [115].
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FIGURE 4.7: Schematic diagram of the Kamiokande-II(III) detector
[115].
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e E£,:>1.33 GeV
e total hit PMTs of the anti-counter< 5

e the vertex position of the event should be at least 1 m inside the PMT

plane.

The fiducial volume for these events was 1.35 kton. Total 195 such fully con-
tained events were observed during 8.2 kton.yr of exposure. The selection

criteria for the partially-contained events was
e total photoelectron (p.e.) numbers of the inner counter > 1500

e elimination of entering tracks by calculating the probability that a track

IS a cosmic ray muon.
e at most one cluster of hit PMTs in the anti-counter
e total p.e. numbers of the anti-counter > 20
e total hit PMTs of the anti-counter > 5

e the reconstructed vertex position should be at least 1.5 m inside the PMT

plane.

The fiducial volume for these events is 1.04 kton. Total 118 partially con-
tained events were observed during 6.0 kton.yr of the detector exposure. The
y /e ratio was obtained by combining the multi-GeV fully contained and par-

tially contained events

(.u/e)duta
-~ =0.57+0.07 4.
(n/e)mc 05700 *3)

This ratio was averaged over the complete zenith angle. It as also shown that
the mult-GeV data had a zenith angle dependence unlike the sub-GeV data

which was isotropic.
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4.4.3 Super-Kamiokande

Supar-Kamiokande (SK), the world’s largest water Cherenkov detector, is lo-
cated in the Mozumi mine of the Kamioka Township, Japan [116]. The de-
tector is operated by the Super-Kamiokande Collaboration which is a joint
Japan-US research collaboration. It was designed to further improve upon
the experience gained by its scientific predeccessors, the Kamiokande and
IMB. SK started data taking in April, 1996. The detector consists of a welded
stainless-steel tank with dimentions 42 m high and 39 m diameter. The to-
tal water capacity is 50,000 tons. Within the tank, here is a stainless steel
framework of thickness 55 cm is equiped with arrays of inward-facing and
outward-facing PMTs. The inward-facing array consists of 11,146 Hama-
matsu hemispherical PMTs of type R3600, 50 cm diameter. The inward-facing
PMTs, and the volume of water they view are called as the Inner Detector
(ID). The outward-facing array consists of 1885 hemispherical PMTs of type
R1408, 20 cm diameter. This outward-facing array along with the volume
they see is called Outer Detector (OD). Figure 4.8 gives a cross-sectional view
of the SK detector.

Neutrino events produced in the ID are identified as "fully contained"
(FC) if there is no activity in the OD. Depending on the size and shape of the
emitted Cherenkov light, the events were classified as single-ring electron-
like (e-like), single-ring muon-like (y-like), or mult-ring. The "partially con-
tained" events were characterised with OD light pattern consistent with ex-
iting particles. SK also records upward going muons which are assumed to
be products of neutrino interactions in the rock below the detector. The up-
ward muons are identified with the Cherenkov light of an entering muon.
If OD data shows that this upward muon also leaves the detector, it is called
"through-going upward muon", otherwise it is tagged as a "stopping upward

muon'.
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FIGURE 4.8: A cross-sectional view of the SK detector [116].

An analysis was done using SK data from a 25.5 kton.yr exposure col-
lected between May 1996 and October 1997 [117]. The follwing selection cri-

teria was imposed,
e no significant OD activity,

e total charge collected in the ID > 200 p.e.s, which corresponds to 22 MeV

for electrons and 190 MeV for muons,

e the ratio (maximum p.e. in any single PMT)/(total p.e.s) is less than 0.5,
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e the time interval from the preceeding event > 100 us, to reject electrons

from stopping muon decays.

~ 6,000 events were classified as fully-contained events. Out of these, 3,462
neutrino event candidate were reconstructed in the fiducial volume with
E,is > 30MeV. To calculate the u /e ratio, only single ring event were con-
sidered. In the sub-geV sample, E,;; < 1.33GeV, and electron and muon
momentum greater than 100 and 200 MeV respectively. From this sub-GeV

data sample, the following ratio was obtained

R = U/ODATA _ 661 1003, (4.4)
(1/e)mc
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FIGURE 4.9: sin®20 and Am? based on 33.0 kton.yr of Super-
Kamiokande data [118].

In an another study using SK data, this ratio was calculated for both

the sub-GeV and multi-GeV events [118]. For sub-GeV sample R = 0.63 £
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0.03 and for multi-GeV sample R = 0.65 £ 0.05. Along with the small val-
ues of R, this study confirmed the zenith angle dependence of the num-
ber p-like events in the detector. They concluded that these results could
only be explained by two flavor v, ¢ vr oscillations with sin?26 > 0.82
and 5 x 1074 < Am? < 6 x 1073eV? at 90% confidence level. Figure 4.9
shows the Superkamiokande results along with allowed region obtained by
the Kamiokande experiment.

The latest analysis [119] uses atmospheric neutrino data collected during
each of the SK run periods equivalent to a total livetime of 5,326 days, 2519 of
which are from SK-IV. There are total 19 analysis samples defines for each SK
run periods. The Zenith angle distributions of each sample are shown in fig-
ure 4.10. The data are separated into three broad categories, fully contained
(FC), partially contained (PC) and upwardgoing muons (Up-y) that are fur-
ther sub-divided into the final analysis samples. Fully contained events have
a reconstructed vertex within the 22.5 kton fiducial volume, defined as the re-
gion located more than 2 m from the ID wall, and with no activity in the OD.
The FC data are sub-divided based upon the number of observed Cherenkov
rings, the particle ID (PID) of the most energetic ring, and visible energy or
momentum into combinations of single- or multi-ring, electron-like (e-like)
or muon-like (y-like), and sub-GeV (E,;; < 1330.0 MeV) or multi-GeV (E;;
> 1330.0 MeV). Additional selections are made based on the number of ob-
served electrons from muon decays and the likelihood of containing a 71°.
After all selections there are a total of 14 FC analysis samples. Events with
a fiducial vertex but with energy deposition in the OD are classified as PC.
Based on the energy deposition within the OD, PC events are further classi-
fied into “stopping” and “through-going” subsamples. The Up-u sample is
composed of upward-going muon events produced by neutrino interactions
in the rock surrounding SK or in the OD water. Accordingly, light deposition
in both the OD and ID is expected and the sample is divided into “through-
going” and “stopping” subsamples for events that cross or stop within the

ID, respectively. Through-going events with energy deposition consistent
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with radiative losses are separated into a “showering” subsample.
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FIGURE 4.10: Data and MC comparisons for the entire Super-K data
divided into 19 analysis samples. Lines denote the best fit MC as-
suming the normal hierarchy. Narrow panels below each distribution
show the ratio of the data and MC [119].

The analysis used the fixed values of the oscillation paratmeters, Am3, =

(7.53 +0.18) x 1075, sin? 61, = 0.304 + 0.014 and sin? 615 = 0.0219 + 0.0012.

These values are obtained from solar neutrino data, KamLAND reactor ex-

periment data and short baseline reactor neutrino data. Figure 4.11 shows
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the allowed regions for | Am%z,:ﬂ |, sin? 623, 013 and dcp obtained by only SK

data.
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FIGURE 4.11: Allowed regions for neutrino oscillation parameters
from the SK atmospheric neutrino data only.

The SK data rules out sin®6;3 = 0.0 at approximately 2c. It shows a
weak preference for the higher octant of 653 disfavouring the maximal mix-
ing (sin? B3 = 0.5) at around 1o significance. These features are in agreement
with the expectations from v, — v, oscillations driven by non-zero 6;3. The
best fit value of dcp is found to be 4.18(3.84) radians for normal (inverted) fit.
Figure 4.12 shows the consistency of these results with the matter induced
oscillations. For sin® 613 = 0.0219 £ 0.0012, the data prefers the normal hi-
erarchy with standard matter effects (x = 1.0). Purely vacuum oscillations

(x = 0.0) are ruled outat 1.6 0.
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FIGURE 4.12: Constraints on the matter effect parameter a from
the Super-K atmospheric neutrino data fit assuming sinf13 =
0.0219 £ 0.0012 [119].

The Super-kamiokande atmospheric neutrino data over a 328 kton.yr ex-
posure of the detector indicates a weak preference for the normal mass hi-
erarchy, disfavouring the inverted mass hierarchy at 93.9% assuming oscil-
lation parameters at the analysis best fit point. Assuming the normal mass
hierarchy the constraints on the atmospheric neutrino mixing parameters are
sin? 03 = 0.58870 0% and Am3, = 2.501023 with cp = 4.1871%1. Over the
range of parameters allowed at 90% C.L. the inverted mass hierarchy is dis-

tavoured by between 81.9% and 96.7% by the SK data only.

4.5 Future atmospheric neutrino experiments

Hyper-Kamiokande: Hyper-Kamiokande (HK) is one of the most promis-

ing next-generation atmospheric neutrino detectors based on the well tested
technology used in SK. It will be a megaton-class water Cherenkov detector
with fiducial volume almost 20 times that of SK. It will be located 8 km south
of Super-K, in the Tochibora mine, Japan. Figure 4.13 shows the expected
sensitivity of HK with 10 years of run and 187 kton fiducial volume [120,
121].
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FIGURE 4.13: HK sensitivity to determine the mass hierarchy (left)

and the octant of 63 (right) using atmospheric neutrinos only. Blue
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HK can determine the mass hierarchy with 3¢ significance for various
possible values of sin” 63 for normal hiearchy. It has lower sentivity for in-
verted hierarchy but reaches 3¢ value for the largest value of sin? 3.
PINGU: The Precision IceCube Next Generation Underground (PINGU) de-
tector is a proposed low energy extension of the IceCube detector [122, 123].
It will have a fiducial volume in the multi-megaton range which makes this
detector very promising. It will study the sum of v and 7 interactions as a
function of zenith angle and energy differentiating between events with and
wthout a track. There will be a signal of Neutrino Mass Hierarchy (NMH)
due to the difference between v and ¥ cross-section and atmospheric flux.
Figure 4.14 depicts the expected difference in the number of events assum-
ing NH and IH.

ORCA: ORCA stands for Oscillation Research with Cosmics in the Abyss. It
will be low energy extension of the KM3Net detector in the Mediterranean.
With a threshold of a few GeV, ORCA will be able to put stringent constraints
on the NMH as well as other oscillation parameters [124]. The expected sen-

sitivity to the NMH is shown in figure 4.15.
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INO: The Iron CALorimeter (ICAL) at the India-based Neutrino Observa-
tory (INO) will be a 50 kton magnetized iron calorimeter. Due to its mag-
netic field, this detector is expected to have excellent charge identification ef-
ticiency. The detector and its expected physics capabilities will be described
in chapters 5 and 6.
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FIGURE 4.14: Expected significance for the rejection of NH as a func-
tion of run time, assuming that the IH is true (PINGU). [123].
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INO detector

Neutrino experiments in India started in the early sixties. Indian scientists
from TIFR in collaboration with groups from Durham University (UK) and
Osaka City University (Japan) conducted many front ranking experiments at
Kolar Gold Fields (KGF) near the city of Banglore in South India. The first
atmospheric neutrino event was observed in early 1965 [105]. The KGF lab-
oratory operated for nearly four decades. The India-based neutrino observa-
tory (INO) project was proposed to do experiments in neutrino physics at the
cutting edge. The main goal of INO is to setup an underground laboratory
with a gigantic magnetized iron calorimeter (ICAL) to study the atmospheric

neutrinos.

5.1 India-based Neutrino Observatory (INO)

The proposed site for INO is located at the Bodi West Hills, near Pottipu-
ram village, in the Theni district of Tamil Nadu, India. The detector will be
placed under a mountain peak. The photo in the right panel of figure 5.1
shows a view of the mountain peak under which the cavern will be located.
An underground horizontal tunnel, approximately 1900 m long, will be con-
structed to reach the laboratory. One large and three small laboratory cav-
erns are to be built. The mountain peak provide a rock cover of about 1000 m
all around the caverns. Right panel of figure 5.1 shows the reduction of the
cosmic muon flux for various underground laboratories. The cosmic muon

rejection for this site is almost the same as that at the Gran Sasso laboratory.
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Along with studying the atmospheric neutrinos with the main Iron CALorime-
ter (ICAL) detector, this underground facility is designed to host experiments
in other areas of interest such as neutrinoless double beta decay, dark mat-

ter search, low-energy neutrino spectroscopy, etc. Initial investigations and

R&D in these fields are in progress.
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FIGURE 5.1: Left panel: Bodi West Hills (Photo courtesy: M V N
Murthy [1]). Right panel: Atmospheric muon background flux as a
function of depth [125].

FIGURE 5.2: A sketch of the underground caverns with the positions
of different modules [1].
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A layout of the laboratory caverns is shown in figure 5.2. The main ICAL
detector will sit in the largest cavern called "UG-Lab 1" which is 132.0 m
long, 26.0 m wide and 32.5 m high. It is designed to house a proposed 50
kton ICAL detector and later one more neutrino detector ICAL-II of same
size. Each ICAL has three modules with dimensions 16m x 16m x 14.5m.
Following criteria were taken into account in designing the ICAL detector

for INO experiment:

e alarge target mass to achieve enough statistics of atmospheric neutrino

events in a reasonable time-scale (say 5 years),
e good energy and angular resolution to accurately measure L/E,

e charge identification capability to distinguish between v and 7 events.

5.2 Iron CALorimeter (ICAL)

Figure 5.3 shows a schematic diagram of the proposed ICAL detector. It will
have a modular structure with three modules of 16m x 16m with total area
48m x 16m. Each module consists a stack of 151 horizontal layers of magne-
tized iron plates with a thicknes of 5.6 cm. The iron plates are separated by
an air gap of 4 cm where the active detector layers will be placed. The total

height of each module is 14.5 m.

» 35.6.cm thick iron plate

T 4 .cm air gap for RPC

[=

detector

FIGURE 5.3: A layout of the 50 kt ICAL detector [1].
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Iron spacers placed every 2 m along both "X" and "Y" directions provide
mechanical support to all the layers. The 2 m wide empty space in the trans-
verse "Y" direction help in periodic replacement of the Resistive Plate Cham-
bers (RPCs) which will act as the active detector elements interspersed with
the iron plates. Each RPC will have an area of 2m x 2m and will be operated
at a high volatge of about 10 kV in avalanche mode. Signals will be read
by orthogonal "X" and "Y" strips of about 3 cm width, one on each side of an
RPC. This will provide the "X" and "Y" coordinates of the track of the charged
particles passing through the RPC and the layer number of the RPC will give
the "Z" coordinate. ICAL will be able to dintinguish between the up-going
and down-going charge particles due to a good time resolution (~ 1 ns). Both
momentum and the direction of the particles can be reconstructed from the
hit pattern observed in the RPCs. The total number of readout channels will
be about 3.7 million. The important detector specifications are in table 5.1.

RPCs are described in detail in section 5.6.

Number of Modules 3

Size of a Module 1l6m x 16 m x 144 m
Total ICAL dimentions 48m x 16 m x 144 m
Number of layers 151

Iron plate thickness 5.6 cm

Gap between Iron plates for RPCs 4 cm

Magnetic Field 1.4 tesla

RPC dimensions 195 cm x 184 cm x 2.4 cm
Strip width 2.8 cm

Number of RPCs/Road/Layer 8

Number of Roads/Layer/Module 8

Number of RPC units/Layer 192

Total number of RPCs 28,800

Total number of readout channels 3.7 x 10°

TABLE 5.1: The ICAL specifications

5.3 ICAL Magnet

The ICAL serves the twofold purpose. It provides a large volume of tar-

get nucleons for neutrino interactions and a detection medium in which the
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tracks of secondary charged particles produced in the neutrino-nucleon inter-
actions can be separately reconstructed on the basis of their magnetic rigidity
and give an estimate of their momenta. It will be made of 50 kton low carbon
steel. ASE1010 or C10 steel have been selected for this purpose. The detec-
tor will have a modular structure with dimentions 48m x 16m x 14.5m. The
thickness of the steel plates will be ~ 5.6 cm and an air gap of 4.0 cm. The
steel plates will be magnetised to a magnetic field of ~ 1.3 T by using copper

coils. The following criteria were considered for the ICAL magnet:

e Field Uniformity

Magnetic field should be uniform to achieve best performance of the

detector.

e Modularity
A modular structure has to be adopted to realize a magnetized detector

of 50 kton steel and ease for its maintenance.

e Optimized copper to steel ratio

Optimized copper to steel ratio to achieve reasonable cost and electrical

power consumption.

A toroidal design has been chosen for the ICAL magnet. Preliminary design
results are obtained using the 3D commercial code MagNet 6.0 [125]. The
copper coil goes through two rectangular slots in the stack of steel plates.
Figure 5.4 shows the geometry of the coil in one of the modules of the ICAL
magnet and the field lines. The blue colour indicates negligible magnetic
field in a region. The length, breadth and the positions of the slots are chosen
to generate a uniform field in as large a volume of steel as possible. The
design also takes care of the movement of RPC trays from the sides. The
small thickness of the copper conductor (1 cm X 1 cm) and the small width
(20 cm) of the coil provide negligible loss of active volume of the detector.
A coil with 40,000 amp-turns is employed to produce a field of 1.3 T in one
module. The calculated field lines in a typical layer are plotted in figure 5.5.

The arrows show the reversal of the field on the two sides of the coils. Over
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the entire set of plates the variation is within 0.3%, the field varying by less
than 0.15% over a height of & 5 m from the centre. The field is quite uniform
in the x-direction, varying by less than 0.25% but in the y-direction it starts

falling beyond the length of the coil slot (£ 4 m).

X=16m

FIGURE 5.5: The X-Y projection of magnetic field of a single module
of ICAL [126].
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5.4 Gas System

There will be total 28,800 glass RPCs of size 2m x 2m each with a gas gap of
2mm. A total volume of ~ 216 m> of gas mixture will be needed. The gas
distribution system for such a big detector will be a recycling system with
approximately one volume change per day due to cost and pollution con-
siderations. The detector will be divided into many zones with each zone
getting gas supply from a separate gas mixing unit. The three gases (freon
(CoF4Hy) also called R-134a, isobutane (C4Hjg) and SFs or argon) will be sent
to mass flow controllers for mixing in appropriate proportions. Mixed gas
will be distributed to 24 x 140 roads through a series of manifolds. Uni-
form distribution in each road will be maintained by flow resistors. Exhaust
pressure and relief bubblers will avoid the over pressure situation. A pilot
Closed Loop System (CLS) [127, 128] has been continuously running and be-
ing tested for a stack of RPCs at TIFR, Mumbai, for the last 6 years. Following

factors were considered to design the CLS.

e Pressure
The gas pressure inside an RPC should be maintained at a constant
value. The pressure inside the RPC has to be more than the atmospheric

pressure to avoid suction of contaminations into the RPC.

e Gas flow rate

The gas flow rate is controlled in proportion to the deviation of the pres-
sure inside the RPC from the minimum and maximum allowable limit.
The equivalent gas flow rate is 360 ml/h through each RPC of 2m x 2m
in size. The gas volume lost due to leakage is compensated by preparing

the mixture through Mass Flow Controllers (MFC).

e Gas composition

The transients in the mass flow controller operation will not interfere

with the gas mixture composition.
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o Safety

The harmful radicals which may damage the surface quality of the glass
electrode, formed during the passage of the gas mixture through the

detector, should be removed through chemical reaction.
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FIGURE 5.6: Block diagram of the Closed Loop Gas System [127].

The CLS, as shown in figures 5.6 and 5.7, supplies gas to 12 RPCs of 2m X
2m in size. A single stage, pneumatically operated positive displacement
pump sucks gas mixture from a receiver tank, which is connected to the RPC
outlets, at pressures between 1002 mbarA and 1005 mbarA and delivers it
to a storage tank at 1650 mbarA through purifiers. When the storage tank
pressure drops below 1350 mbarA, the mass flow controllers, start feeding
the gas mixture into the storage tank till the pressure is topped up to 1650
mbarA, while maintaining the ratio of the gas mixture at 95:4.5:0.5 of R134a,
isobutane and SFg respectively (for avalanche mode operation of RPCs). (In
the current test setup, SFs is being used in place of Argon but ICAL will
use Argon.) A Residual Gas Analyser (RGA) is connected to the outlet of
the RPC exhaust to study the presence of any breakdown radicals into the

gas. Solid state pressure transmitters monitor pressure of gas at 6 points. In
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addition, atmospheric pressure is also measured. A Siemens PLC with input
and output modules, actuators and a SCADA interface, controls the flow
and pressure throughout the loop. A safety routine is built into the logic
and various data parameters are logged periodically. In 21 days the leak rate
observed in the pilot CLS is 5.4 ml per hour when connected to 4 RPCs of

2m X 2m in size.

Siemens PLC

Digital outputs

Pneumatics Pump

Storage Tank

Receiver Tank

FIGURE 5.7: A Closed Loop Gas System unit functioning at TIFR
[127].

5.5 Detector readout system

The Resistive Plate Chambers (RPCs) will be used as the active detector el-
ements in ICAL. RPC offers time resolution of under 1 ns and spatial res-
olution of better than 1 cm which are the crucial parameters for the ICAL

detector. Due to their planar geometry, RPCs are well suited for large area
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detectors. They are easy to construct using commonly available materials
and can easily be operated over long periods of time which is essential for
ICAL detector. RPCs can be constructed using bakelite or glass as electrode
materials, ICAL will use glass mainly due to the fact that it is readily avail-
able locally at a reasonable cost and has good surface quality. Each RPC
detector element for ICAL will be 1.84 m in length and 1.84 m wide. Eight
such elements will cover a road of 16 m x 2 m. Total 28,800 elements will
be needed to fill the entire detector volume. The readout of the signals from
RPCs will be obtained by outer orthogonal pick-up strips of 30 mm in pitch.
INO collaboration has been undertaking a dedicated R&D programme to de-

sign, develop and characterize the RPCs.

5.6 Resistive Plate Chamber (RPC)

Resistive Plate Chambers (RPCs) are charged particle detectors consisting of
two parallel plate electrodes of high volume resistivity such as glass or bake-
lite (phenol-formaldehyde polymer) with a gas gap in between. They were
introduced in 1981 by R. Santonico and R. Cardarelli [129]. RPCs have very
simple design to construct and operate. The main advantages of these detec-
tors include large signal output, excellent time as well as position resolutions
and low cost per unit area of coverage. An RPC operates under a constant
and uniform electric field produced by two parallel plate electrodes of high
bulk resistivity. A mixture of gases with a high absorption coefficient for ul-
traviolet light and high electronegativity is passed through the gap between
the electrodes. The gas is ionised by a charged particle crossing the cham-
ber and the produced free charge carriers trigger avalanches of electrons and
start a discharge. The high resistivity of the electrodes ensures that the elec-
tric field drops in that limited area only. The state of the detector remains
unaffected outside this small area. The ultra-violet absorbing component of
the gas mixture absorbs the photons produced by the discharge and prevents

secondary discharges. The propagation of the avalanche of electrons induces
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a current on external strip electrodes. The outer electrodes are made of a re-
sistive material (usually glass or bakelite) with bulk resistivity between 101°
- 10'2Q) — cm. A thin graphite coat is applied to the outer surfaces of these
electrodes and connected to a high voltage power supply in order to create a
uniform and intense electric field (about 5 kV/mm) in the gap between them.
The gas gap between the electrodes is maintained by small cylindrical spac-

ers (polycorbonate) of diameter ~ 10 mm and a bulk resistivity greater than

1012Q) — cm. A simple configuration of RPC is shown in figure 5.8.

/Pickup strips
2 mm thick spacer / ["

é/raphite coating on the outer surfaces of glass

FIGURE 5.8: Schematic diagram of an RPC [125].

The high resistivity of the electrode material prevents the onset of the con-
tinous discharge between the electrodes. Therefore, the electric field drops
significantly in the localized region of the discharge which subsequently ex-
tinguish it. This can be explained by the fact that the typical duration of the
discharge is ~10 ns while electrodes are recharged with the time constant

(T ) which is of the order of pe [130], where p and ¢ are the resistivity and
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dielectric constant of the electrode material respectively. Assuming, for ex-
ample, e =5 x10'2 O-cm and e = 4 x¢gg then the time constant T ~ 1.8 5. The
large enough difference between T and the typical discharge time in the de-
tector makes it sure that the electrodes behave almost like insulators during
the discharge. Only a localized area (about 0.1 cm? ) of the electrode surface
experiances a high voltage drop which remains inactive for a time interval of
order 7. Counting rate capability of an RPC depends on these characteristic
times. Glass RPCs are therefore capable of counting rates of up to about 500
Hz/m? with a dead-time of less than 1%. The rate capability of bakelite RPCs
is comparatively higher due to higher bulk resistivity of bakelite.

The electric signal in an RPC is formed due to the process of electron mul-
tiplication. An ionising particle passing through the gas gap creates a num-
ber of primary electrons. These 1y primary electrons are accelerated by the
appllied electric field in the form of a group and start the electron multipli-
cation. This process is characterised by the "number of ionisations per unit
length" (first Townsend coefficient "a") and by "the number of electrons that
are captured by the gas per unit length" (the attachment coefficient ""). The

number of electrons reaching the anode will be given by [131]:
n = nge'l™ (5.1)
where,

n=a—p (5.2)

and the detector gain is defined by

M= - (5.3)

The gas mixture could be composed of Argon, Isobutane and an electroneg-
ative gas like Freon (R134a) or SFs. Freon or Argon acts as target for ionising
particles while an organic gas like Isobutane helps to quench the photons

emitted by recombination processes thus supressing secondary avalanches
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away from the primary ones. An electronegative gas limits the amount of
free charge in the gas volume. Such gas mixture is specially required to avoid

the formation of streamers.

5.6.1 Modes of operation

The value of M decides the mode of operation. M becomes larger than 10 in
the case of streamer mode, however lower values of M (« 10%) characterises
the avalanche mode. The mode of operation mainly depends on the param-
eters « and B which is evident from equations 5.1 and 5.2. High rate applica-
tions and detector aging issues made the operation in avalanche mode pop-
ular. This is achieved by substantial reduction of the charge produced in the
gas gap. The counting rate capability of RPCs is improved by more than an
order of magnitude if the occurrence of streamers is suppressed by operating
the detector in the avalanche mode. This was also facilitated by the develop-
ment of new highly quenching C,F4H>-based gas mixtures or with addition
of small fraction of SFs to the gas mixtures. The C,F4H; gas in particular
exhibits other attractive features like a moderately high density (resulting in
high primary ionisation) and a low operating voltage. While the physics of
streamers is difficult to study, the avalanche mode is amenable for detailed
simulations of the physics processes in RPCs.

As the streamer signals are quite large (between 50 pC and a few nC), no
amplification is needed and the signals can be discriminated against the de-
tection threshold directly. Thus the read out of streamer mode RPCs is quite
simple. Double gap chambers operated at electric fields of 40 kV/cm in
streamer mode and with 2 mm wide gaps reach efficiencies of 99% and a
time resolution around 1 ns. However, the rate capability is limited to a few
hundred Hz/cm? .

After testing with various gas mixtures, a combination of R134a, Isobu-
tane and SFs has been found suitable to operate RPCs in the avalanche mode

during ICAL R&D program.
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5.7 RPCs for ICAL

The ICAL detector at INO will consist of about 30,000 Resistive Plate Cham-
bers (RPC) of about 2m x 2m in area as sensitive detector elements to track
particles produced by the neutrino interactions inside the detector mass. Two
collaborations are involved in the fabrication and study of these gaseous de-
tectors. The group at VECC is involved in the study of Bakelite RPCs and the
group at TIFR focuses on glass based RPC’s.

The first activity in the R&D of RPCs at TIFR started with the develop-
ment of a 30 sq.cm RPC. Later a stack of 12 RPCs of Im x 1m was develped
which now serves as a cosmic-ray telescope. The final ICAL detector will
have about 3 million electronic channels and hence a suitable test bench is
necessary for testing of the electronics. The stack serves this purpose. The
long term stability of these detectors is studied by constantly monitoring the
noise rates and the efficiency of the detectors. Detector related studies are
complemented by cosmic muon studies. Recent studies include the direc-
tionality measurement of cosmic muons and the time offset calibration of the
RPCs. The extensive study of sealed RPCs has been done by the collaboration
with encouraging results. With the experience gained in the development of
Im x 1Im RPCs, the group at TIFR progressed to fabricate 2m x 2m RPCs.
The team was successful in the endeavor, with currently 10 RPCs in the new
stack operational at the transit campus of Inter-Institutional Centre for High
Energy Physics (IICHEP), Madurai.

To enable mass production of RPCs for the ICAL detector, the collabo-
ration is now in the process of transferring the technology to the Industry.
Some glass factories were approached and their personnel are trained in the
fabrication and quality control of the RPCs. Industries are also consulted for
the production of the conductive paints. An industrial technique was devel-
oped to screen-print the glasses and for the consequent curing of the same.
The INO collaboration also looking for industrial interface for the produc-

tion/design of the pick-up panels of the RPCs.
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Chapter 6

INO simulations

The ICAL at INO would observe the atmospheric neutrino interactions by
recording the "hits" generated in the active detector element (RPCs) by the fi-
nal state particles produced in neutrino-nucleus reactions. The energy, direc-
tion and flavor of the initial neutrino can be determined by accurately mea-
suring the energy and direction of the resultant charged particles (especially
muons). Therefore, precise determination of the energy, direction and charge
of the final state muon is crucial to achieve the physics goals of the ICAL. In-
formation on the final state hadrons would further improve the physics sen-
sitivity of the detector. Thus, the ICAL detector should be carefully calibrated
to reconstruct the energy and direction of the muon and hadrons alongwith
the correct charge of the muon.

Figure 6.1 illustrates the simulation framework for the ICAL. NUANCE
Monte Carlo event generator [7] is used to simulate neutrino interactions in
the detector. Atmospheric neutrino fluxes as described in Chapter 4 along
with various neutrino-nucleus interaction cross-sections which are incopo-
rated in NUANCE to generate the vertex position and the energy-momentum
of all final state particles in each event. The output of the NUANCE is then
passed through the GEANT4 based ICAL simulation kit. The GEANT4 pack-
age is used both to define the detector geometry as well as simulate the detec-
tor response for the propagation of particles through the simulated detector
volume including the effects of the iron, the RPCs, and the magnetic field.
This information is digitized by incorporating the detector efficiency and

noise. The information thus available from each event is passed through the



90 Chapter 6. INO simulations

reconstruction algorithms, which attempt, from the hit pattern, to identify a
muon track and reconstruct its energy and direction. The detailed simulation

procedure is described below.

Event Generation
Simulates neutrino nucleus interaction and generates
final state particles with following information.

1. Type of interaction

2. Particle IDs of the final state particles

3. Vertex information

4. Four momenta of the final state particles

Event Simulation
Simulates the propagation of generated particles
through the detector and gives the following output.

1. X, Y, Z coordinates and the timing of every hit
produced in an RPC.

2. Energy deposited by each particle in the detector.

Event Digitization

Incorporates the detector efficiency and noise with the
generated hits .

Event Reconstruction

Identifies muon’s tracks in the detector and calculates
its’s energy and momentum. Calculates hadron’s enrgy
and direction based on their hits distributions.

Analysis

Output obtained in the previous stage is stored in the root
format for analysis.

FIGURE 6.1: ICAL detector simulation framework.
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6.1 Neutrino event generator

Neutrino event generators are Monte Carlo programs which simulate the
neutrino-nucleous interactions using theoretical models. A neutrino with a
given 4-vector momentum and a target nucleus are chosen by these gener-
ators [132]. The resultant particles are kinematically generated according to
the physics lists in the event generator libraries to get the final state particles
in the given detector geometry. A variety of scattering mechanisms are in-
cluded alongwith the elementary cross-sections, hadronization models and
nuclear models. Different models with their corresponding range of validity
are included to cover the desired phase space. There are can be a kinematic
regime outside the scope of all existing models, which requires either the
development of a new model or the adoption of a model which can be ex-
trapolated into the region of interest.

A number of neutrino event generators are available, such as ANIS [133],
GENIE [134], GiBUU [135, 136], NEGN [137], NEUT [138], NUANCE [7], the
FLUKA routines [139], NUNDIS/NUNRES [140], and NuWRO [141]. We
are interested in the few-GeV range for atmospheric neutrinos. We have
used NUANCE and GENIE to generate atmospheric neutrino events for our

present study.

6.1.1 NUANCE

It is a FORTRAN based program, which we have used to simulate atmo-
spheric neutrino events in simple ICAL detector geometry. NUANCE was
developed by Dave Casper [7] to generate neutrino events for Super Kamiokande
experiment. The detector geometry and the target materials are specified by
the user. The list of cross sections and the rates of all the known interac-
tion channels are invoked using the corresponding libraries. Events can be
generated either by specifying the number of events or by specifying the ex-
posure time. The information of the generated events is saved in the form

of an ascii file. The interaction models used in this program was originally
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developed for the IMB experiment. NUANCE include models for following

interactions:

e quasi-elastic scattering (QE) which dominate below neutrino energies

of 1 GeV,
e resonant scattering (RES) for neutrino energies between 1 and 2 GeV,

e deep inelastic scattering (DIS) which is dominant in the multi-GeV re-

gion,
e coherent nuclear processes on nuclei,
¢ neutrino-electron elastic scattering and inverse muon decay.

The contribution of the last two is negligible in the few GeV energy region
of interest. A simple ICAL detector geometry has been defined within NU-
ANCE. It can distinguish between the bound nucleons (with corresponding
Fermi energies) and the free nucleons and applies final state nuclear correc-
tions. The NUANCE generator integrates different cross sections weighted
by the fluxes for all charged current (CC) and neutral current (NC) channels
at each neutrino energy and angle to calculate final event rate. There can be
10-40% uncertainty in cross sections in the intermediate energy ranges [142]
based on the interaction channel. NUANCE can also generate neutrino data
with different oscillation parameters. The oscillation of atmospheric neu-
trinos is achieved by assuming the earth’s sphere in 25 concentric shells of
varying density. The events are first analysed at the NUANCE output level
which defines the kinematic limitations on the event reconstruction. Then the
NUANCE output is passed through the GEANT4 simulated ICAL detector

to study the sensitivity of the ICAL detector to atmospheric neutrinos.

6.1.2 GENIE

GENIE is an acronym for Generates Events for Neutrino Interaction Experi-
ments. It is based on object-oriented /C++ neutrino Monte Carlo Generator.

It supplants Fortran neutrino MC generators, such as GENEVE [143], NEUT,
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NeuGEN [144] and NUX [145]. GENIE is developed as a neutrino interaction
physics Monte Carlo generator which is suited to all nuclear targets, com-
plicated detector geometries and neutrino flavors from MeV to PeV energy
scales.

In order to achieve a realistic description of the experimental signature
of any detector and all its components, all the neutrino-nucleus interaction
processes must be accurately modeled. Most of the theoretical models only
partially describe these processes. GENIE includes several such models to
properly incorporate all the physics processes. The list of physics models in-
clude nuclear, cross-sectional, quasi-elastic scattering, elastic neutral current
scattering, baryon resonance production, coherent neutrino-nucleus scatter-
ing, non-resonance inelastic scattering, quasi-elastic charm production, deep-
inelastic charm production, inclusive inverse muon decay and neutrino-electron
elastic scattering. GENIE also uses the AGKY hadronization model (devel-
oped for the MINOS experiment) to take care of the transition region, to-
tal cross section and the neutrino-induced hadronic multiparticle production

modeling.

6.2 GEANT4 detector simulation

GEANT4 [146] is a toolkit based on the C++ programming language for sim-
ulating the propagation of particles through different materials. It offers di-
verse applications for tracking, geometry, physics models and hits. Various
physics processes such as electromagnetic, hadronic and optical are included
with a large set of long-lived particles, materials and elements, over a wide
energy range. It can handle complex geometries to enable its easy and effec-
tive use in different sets of applications. It has been used in applications in
particle physics, nuclear physics, accelerator design, space engineering and
medical physics. It considers the following broad aspects of the simulation

of the passage of particles through a detector.

e geometry and materials,
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particle interaction in matter,

tracking management,

digitisation and hit management,

event and track management,

visualisation and visualisation framework,

user interface.

The physics processes cover a wide range of energies from 250 eV to the TeV.

A block diagram in figure 6.2 illustrates the same flow of dependencies.

[Graphic_Rep% [ Material j@ Intercoms

FIGURE 6.2: The Top Level Category Diagram of the Geant4 toolkit.
The open circle on the joining lines represents a using relationship;the
category at the circle end uses the adjoined category [146].
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6.2.1 ICAL geometry

A 50 kt ICAL detector with a modular structure has been simulated using
GEANT4 package. There are three modules, each of size 16 m (length) x 16
m (width) x 14.5 m (height), with a gap of 20 cm between the modules. Each
module consists of 151 horizontal layers of 5.6 cm thick iron plates. The area
of each module is 16 m x 16 m, while each iron plate has dimensions 2 m
X 4 m. There is an air gap of 4 cm between two iron plates. Steel support
structures are placed every 2 m in both the x and y directions to support iron
sheets. RPCs are placed within the air gaps and have dimensions of 1.84 m X
1.84 m x 2.5 cm. A 16 cm horizontal gap is kept between RPCs in both x and
y directions to accommodate the support structures. The direction along the
placement of modules is labelled as the x-direction and the other horizontal
transverse direction is considered as y. The z-axis points vertically upwards.
The centre of the second module is taken as the origin. Four copper coils
wind around the iron plates which provide a magnetic field in the x-y plane,
as shown in chapter 5. These coils are accomodated in vertical slots created at
X = Xcenter = 4 m (Where Xcnter is the central x value of each module) extend-
ing up to y = £4 m and cutting through all layers. The field strength in the
central region of each module is about 1.5 T in the y-direction, as calculated

by MAGNET6.26 software [147].

6.2.2 Active detector element:RPC

Resistive Plate Chambers (RPCs) are the active detector elements for ICAL
which has to be interleaved with iron plates in the detector simulation pro-
cess. Two glass plates of 3 mm thickness are sealed with a gap of 2 mm
gap between them. A high DC voltage is applied across them. A mixture
of R134A (~ 95%), isobutane, and small volume of SFs gas continually flows
through the gap. The working principle of an RPC is described in reference
[148].
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A copper sheet of 150 micron thickness is placed on the inside of a 5 mm
thick honeycomb material located both above and below the glass cham-
ber. Mylar sheets are inserted between the glass plates and the copper sheet.
Strips of width 1.96 cm are grooved on this copper sheet with above and be-
low strips transverse to each other. These pick-up strips thus provide the x
and y location of the charged particle as it traverses the RPC while the RPC
layer number provides the z information. A timing resolution of about 1.0
ns and an efficiency of 95% are incorporated in the simulations based on the

observations of RPCs as a part of INO R&D program [148].

6.2.3 Event Simulation and Digitisation

The full ICAL geometry is stored to a machine readable GDML file which
also contains the RPC detector components, the support structure, and the
gas composition. This GDML file is read by the event reconstruction pack-
age. The copper sheets are considered as a continuous material for GEANT4
simulations, however for signal digitization the separate copper strips are
considered.

Passage of a charged particle through an RPC induces a signal on the pick-
up strips and assigned "X" and "Y" values from the respective pick-up strips.
Z coordinate is given by the the layer number information. A time stamp
"t" is also recorded alongwith each hit. The threshold energy to produce a
hit in an RPC is taken to be 30 eV, with an average efficiency of 95%. The
spatial resolutions, the effect of cross-talk (strip multiplicity) are also incor-
porated, using the results from [148]. Finally, all possible pairs of nearby X
and Y hits in a plane are grouped to form a cluster. A typical charged current
neutrino interaction event producing a muon track and associated hadron
shower is shown in figure 6.3. A typical muon track is clean with one or
two hits per layer and crosses an average of 5 layers, whereas the hadron

produces a shower with hits generated in a small region only.
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6.2.4 Muon track reconstruction in ICAL

Since, muons leave a long clean track, ICAL is designed to reconstruct the
energy, direction and charge of a muon produced in an atmospheric neutrino
event quite efficiently. Different types of hadrons leave similar hit patterns
in ICAL. Therefore individual hadrons can not be reconstructed. Only an
averaged information can be obtained due to all the hadrons produced in an
event.

The trajectory of a muon bends as it traverses in the magnetized detector.
Depending on the direction of the direction of this bending, ICAL can dis-
tinguish between a u™ and a . The curvature of the trajectory or the total
pathlength can be used to calculate muon momentum. RPC’s excellent time
resolution (~ 1 ns) allows the distinction between up-going and down-going

muons.
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FIGURE 6.3: A typical DIS interaction event in the simulated
ICAL.The black filled triangles represent the muon track, while the
red stars show the shower created by the hadrons [9].

A track finder package followed by a track fitting algorithm reconstructs
both the momentum and charge of the muon.

The track Finder: The (x, y, z) coordinates and the time stamp for each hit are

stored for individual events separately. All the adjacent "X" and "Y" hits in
a plane are grouped to form a cluster. The track finder algorithm combines

clusters formed in adjacent layers through a curve fitting algorithm in order
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to obtain a tracklet. Nearby Tracklets are then joined to form a track, and
the iteration of this process gives the longest possible track in an event [149].
The average of the time information from all the x and y strip hits in a layer
used to decide the direction of the track (upward or downward). At least 5
hits in a track are required to classify it as a muon-like track. The clusters
in each layer are then averaged to effective one hit per layer, and the corre-
sponding averaged coordinate and timing information are further processed
by the track fitting algorithm.

The track fitter: A Kalman-filter based algorithm is applied to fit the tracks

including the effect of the magnetic field. A track is considered with a start-
ing vector

Xo = (X,Y,dX/dZ,dY/dZ,q/p) 6.1)

where (X, Y, Z) is the position of the earliest hit as recorded by the finder. The
ratio q/p is called the charge-weighted inverse momentum which is taken as
zero at the starting point. The initial track direction, from the slopes dX/dZ
and dY/dZ, is estimated from the first two layers because the tracks are al-
most straight in the begining. This initial state vector is then extrapolated to
the next layer by calculating the Kalman gain matrix incorporating local mag-
netic field and the geometry. The state prediction is done using the Kalman
filter algorithm and the corresponding error propagation is implemented by
a propagator matrix [149]. The state extrapolation takes care of the noise due
to multiple scattering as described in [150] and energy loss in the detector
material, mostly iron, according to the Bethe formula [151]. The formulae
for the propagation of the state and errors [152] have been improved for at-
mospheric neutrinos with large energy and range. The extrapolated point
is compared with the actual hit point in that layer, if any, and the process is
iterated. The process of iteration continues till it obtains the best fitted track.
The fitted track is then extrapolated backwards to locate the vertex of the
interaction. The best fit value of the momentum at the vertex is the recon-

structed momentum. The quality of fit better than x?/ndf < 10 is imposed
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for the reconstructed tracks to be used in the analysis. The magnitude of the
momentum at the vertex is given by q/p. The direction is determined by the
slops dX/dZ and dY /dZ and saved in the form of the zenith angle 6 and the

azimuthal angle ¢.

6.3 Response of muons in ICAL

The reconstruction of single muons has been studied using the GEANT4
Monte Carlo generated muons at various momentum P, and zenith angle
0. The central volume of the ICAL with dimentions 8 mx8 mx10 m has
been used to randomly generate the interaction vertex, and 10000 muons at
different momenta and zenith angles are propagated. The azimuthal angle
is smeared uniformly between 0 to 27 for all the (P, 6,) combinations [153].
The muon momentum resolution, zenith angle resolution, charge identifica-
tion (CID) efficiency and track reconstruction efficiency have been studied.
Figure 6.4 shows the important results from this analysis are mentioned be-
low. Figure 6.4a shows the momentum resolution of muons in ICAL. It can
be seen from the figure that the resolution improves with increase in momen-
tum upto about 6 GeV. In this energy range, the number of RPC layers in the
track and the number of hits in layers increase with increasing energy and
magnetic field bends the muon tracks significatly. These factors improve the
momentum reconstruction. However, beyond this energy range, the parti-
cles tend to exit the detector and leave only a partial track in the detector.
The radius of curvature of the track also increases. These effects deterio-
rate the momentum resolution. Figure 6.4b shows the 6 resolution. For all
zenith angles and P;, >4 GeV/c, the resolution is better than a degree. At
10 GeV/c and beyond, the resolution curves approximately coincide. Figure
6.4c shows the relative charge identification (CID) efficiency. Due to the mul-
tiple scattering of muons in the detector, the direction of bending at smaller
incident momentum can be wrongly reconstructed, since the number of lay-

ers crossed is small. This effect can be seen in the figure as the efficiency at
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FIGURE 6.4: Momentum resolution, 6 resolution, CID reconstruction
efficiency and momentum reconstruction efficiency as a function of
the input momentum and at certain cos 6 bins [153].

lower energies is relatively poorer. With increase in energy, the track length
increases and the reconstruction of the direction of the curvature becomes
more accurate. Figure 6.4d shows the relative charge identification (CID) ef-
ticiency. The momentum resolution efficiency is marginally smaller than the
track reconstruction efficiency, particularly at smaller angles. This efficiency
depends on the factors like the incident energy and direction, the magnetic
field strength.for momentum values < 4 GeV /¢, the reconstruction efficiency

increases with increasing incident momentum at all incident angles. This is
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due to the increase in the number of hits with increase in incident momen-
tum, as the particle traverses more number of layers. This effect is the most
for the particles propagating in a near vertical direction. As the zenith an-
gle increases, the number of layers crossed by the particle becomes smaller.
However, at higher energies, the particle at any incident angle crosses suf-
ficient number of layers, and the reconstruc- tion efficiency becomes almost
constant. A drop is observed in the reconstruction efficiency of the vertical
muons, which is due to the track being partially confined in the detector and
the requirement of a single reconstructed track to pick the events to be ana-

lyzed.
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Chapter 7

Hadron energy estimation from

atmospheric neutrino events

7.1 Introduction

The design of ICAL enables it to reconstruct the track of a muon with good
accuracy. From this reconstructed track, the charge, the energy and the direc-
tion of the muon are estimated with good precision. At first, the physics ca-
pabilities of ICAL were studied using the kinematical information of only the
muons [2, 3, 4]. The charged hadrons, produced in the atmospheric neutrino
interactions, will also produce hits in the RPCs of the ICAL. Most of the time,
the hits due to the hadrons can not be reconstructed into tracks because (a)
the energy of a typical hadron is much smaller than the energy of the muon
and (b) the hadrons can be absorbed by the detector nuclei. Thus, the inclu-
sion of the hadron energy in the kinematic reconstruction of an event poses
a great challenge. The first estimate of the hadron energy of atmospheric
neutrino events in ICAL was done in ref. [9].

Various efforts were made to estimate the hadron energy in ICAL [5, 6].
However, in most of these efforts, a charged pion of known energy is in-
jected into Geant4 simulator and the corresponding hit pattern was stud-
ied. This process was repeated for pions of different energies. Through these
simulations, a correlation between the pion energy and the number of hits

was established and the resolution in pion energy was estimated. It was
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assumed that these correlations and the resolutions will hold for all hadrons pro-
duced in atmospheric neutrino interactions. The physics capabilities of ICAL are
re-calculated using three kinematical variables: muon energy, muon direc-
tion and the hadron energy, estimated from the pion simualtions mentioned
above. With this "3-D analysis", it was shown that the physics capabilities are
enhanced [154, 155].

In this work, we have taken a different approach. We did a systematic
study of particle production in atmospheric neutrino events. We found that
a significant number of baryons are produced in a large fraction of these
events. For hadron energy less than 5 GeV, these baryons carry most of the
hadron energy. Therefore, we believe that the hit pattern produced by an
isolated, single charged pion does not represent the hit pattern produced by
the hadrons in an atmospheric neutrino event properly. We established a cor-
relation between the hits produced by the baryons (called baryon hit bank)
and the baryon energy in atmospheric neutrino events. This correlation is
very different from the correlation found for pions in reference [6]. Later, we
did a full Geant4 simulation of all the final state particles of the atmospheric
neutrino events in ICAL. From the set of hits produced by these particles, we
removed those hits which were included in the track reconstruction. It is as-
sumed that the hits forming the track (the highest energy track, in case there
is more than one track) are produced by the muon and the remaining hits
are produced by hadrons. We used this hadron hit bank information to esti-
mate the hadron energy in atmospheric neutrino events. In both the baryon
analysis as well as the hadron analysis we used 100 years of unoscillated at-
mospheric neutrino events simulated using NUANCE event generator. From
these, we have selected those events which contain charged current (CC) in-

teractions of vy and Uy,
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7.2 Baryons in atmospheric neutrino events

As mentioned in the introduction, we believe that doing a simple simulation
of isolated charged pions does not reflect the true picture of hadron produc-

tion in atmospheric neutrino events.
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FIGURE 7.1: The ratio Epgyyons/ Enad versus frequency

This is so because a fair number of baryons are produced in these events
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and they carry a non negligible fraction of the hadron energy. This is il-
lustrated in figure 7.1. From the first two panels of this figure, we see that
baryons carry almost all of the hadron energy for a vast majority of events
when 0 < Ej;; < 5 GeV. For larger values of hadron energy, the energy
fraction carried by the baryons becomes smaller untill it becomes negligibly
small for Ej,; > 20 GeV. Therefore, in this section, we study the correlation
between the energy carried by the baryons and the hits produced by them in
ICAL.

7.2.1 Baryon hit bank

In order to do this analysis, we need to know (a) the hits produced by these
baryons ("baryon_hits") and (b) the total energy carried by all the baryons
(Eparyon) in each event. To calculate baryon_hits, we used the following method:
We took all the 1v,CC events generated by NUANCE and looked at the par-
ticle content of all the mesons in these events. We found that essentially all
of these mesons are pions and kaons and the heavier mesons form less than
1% of all the mesons. So, we did a Geant4 simulation of these events after
turning off the muons, the pions and the kaons. It is expected that the re-
sulting hit bank information is essentially due to the baryons produced in
these events. The number of baryon hits as a function of En,g = E, — E,
is given in table 7.1, where E, and E, are given by NUANCE. We define
Evaryon = Ev — Ey — Epmeson. It is straight forward to obtain Evaryon from NU-
ANCE. After obtaining baryon_hits and Ej,;y,, for each event, we define a
set of ranges of baryon_hits. For each range we plot the histogram of fre-
quency versus Ep,y0, and fit a Vavilov distribution [8] to each histogram. We
tested a number different sets of ranges until we found an optimal set for

which the fitted distributions matched the histograms very well.
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i.To Enad 0-6 6-10 10-20 | 20-30 | 30-50 | 50-80 | > 80
1 0-0.5 51739 | 74 10 1 2 3 0
2 0.5-1 113992| 2391 138 19 5 3 0
3 1-1.5 73984 | 4543 380 16 6 3 1
4 1.5-2 49786 | 6126 690 16 5 2 4
5 2-3 56228 | 13812 | 2181 | 22 20 5 0
6 3-4 25375 | 10855 | 3261 | 55 11 6 1
7 4-5 25375 | 10855 | 3261 | 55 11 6 1
8 5-7 12232 | 6945 3620 | 75 14 3 2
9 7-10 10656 | 5613 4627 | 241 17 2 1
10 10-20 6269 2546 2416 | 310 33 6 1
11 20-30 6383 2235 2094 | 533 155 10 2
12 30-50 1725 551 562 220 167 20 2
13 >50 1096 368 344 182 156 58 6

TABLE 7.1: Baryon hits and Ej,,; table.
%1 03 baryon_hits (4,5 <1 03 baryon_hits (10,11)
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FIGURE 7.2: Eparyon distribution for hit ranges (4,5), (10,11), (16,17)

and (>22)

From the fits done for this optimal set of ranges, we determined the av-

erage value of Epgyon—mean and the associated resolution og, for each range.
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These quantities are defined as

Ebaryon—mean

UEp

\l "

where "y

fit. A sample of these fits are shown in figure 7.2. The values of Epgyon—mean

(2-P1)
=~ UVp
2P, ¥

(’)’ —1—1InPy— P1)P3 + P,

is the Euler’s constant and "P;" are the parameters of the Vavilov

and o, for each baryon_hits range, are listed in table 7.2.

S.No. | baryon_hits | Eparyon—mean OEb
1 0-1 0.898 0.582
2 2-3 1.340 0.845
3 4-5 1.967 1.090
4 6-7 2.569 1.237
5 8-9 3.179 1.369
6 10-11 3.717 1.477
7 12-13 4.299 1.607
8 14-15 4.837 1.774
9 16-17 5.609 2.190
10 18-21 6.603 2.855

11 >22 13.561 10.079

TABLE 7.2: baryon_hits and Ej0p table.

Mean E,,,,, vs baryon_hits
10 x2 / ndf 0.02956 / 8
PO 0.5512 + 0.5682
p1 0.2907 + 0.07517

MeanE . (GeV)
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FIGURE 7.3: Eparyon—mean VS baryon _hits
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The relation between baryon_hits and Eparyon—mean 18 shown in figure 7.3.
The error bars in the x direction span the bin size in the number of hits. The
error bars in the y direction extend +0g;, from Eparyon—mean- The data in fig-

ure 7.3 is well described by the linear fit
Eparyon—mean = 0.55 (baryon_hits) + 0.29. (7.2)

We compare this relation with the relation obtained from the simulation of
isolated pions. This latter simulation was done in reference [6]. The left panel
of figure 2 of this reference gives the plots of "Mean no. of hits" versus Ep;ion
for various different thickness values of the iron plates of ICAL. These plots
are shown in figure 7.4. The Geant4 simulation used in our analysis used iron
plate thickness of 5.6 cm. We took the data for this thickness from figure 7.4

and replotted it in the form Epjon versus Mean no. of hits in figure 7.5.
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FIGURE 7.4: "Mean no. of hits" versus Epjon for various different
thickness values of the iron plates of ICAL [6]

We see that the data shows a linear relationship between these two vari-

ables and a linear fit gives the relation
Epion = 0.64 (Mean_no._hits) — 1.57. (7.3)

We see that there is a linear relation between the no. of hits and the hadron

energy for pions also. Comparing equations 7.2 and 7.3, we note that the
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slopes in the two equations are close but the intercepts are very different.
Therefore, we argue that the energy estimate made for pions can not be ex-
tended to all hadrons. A proper estimation of hadron energy in atmospheric
neutrino events requires doing a full Geant4 simulation of these events and

establishing a relation between the number of hits produced by the hadrons

and the hadron energy.
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FIGURE 7.5: "Mean no. of hits" for 5.6 cm thick iron plates of ICAL

7.3 Hadron hit bank analysis

In this section, we analyse the hits generated by the hadrons produced in the
v, CC events of atmospheric neutrinos. We establish a correlation between
these hadron hits and the energy of the hadrons. We will also calculate the
energy resolution for each given hadron energy. As mentioned before, such
an analysis was performed earlier in ref. [9]. However, there are two impor-
tant differences between the procedure of ref. [9] and our procedure. We will

describe them at the end of the section.

7.3.1 Hadron hit bank

The Geant4 simulation of atmospheric neutrino events gives the full hit bank

information due to all the charged particles. The ICAL reconstruction code
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looks to form a track with a subset of the total number of hits. If a track is not
constructed, the event is not processed any further. If a track is constructed,
such a track is identified with a muon. The hits which make up the track are
removed from the hit bank information. These remaining hits form hadron
hit bank. In the analysis below, the events with no hadron hits are discarded.
The hadron hit bank is likely to contain ghost hits. To avoid overcounting
due to ghost hits, we consider the larger of (number of x-hits, number of y-
hits) from the hadron hit bank. This number is defined to be "hadron_hits".
The difference between the neutrino energy and the muon energy for a given
event, obtained from NUANCE, is defined to be "E;;;" of that event.

The hit distributions of this hit bank are given in figure 7.6. From the hit
distribution, we see that most of the events have less than five hits and a vast

majority have less than 10 hits.
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FIGURE 7.6: The left (right) panel shows the distribution for the num-
ber of hits < 20(> 20).

We first divided the event sample into different bins, each with it’s own
range in the number of hits. For each bin, we plotted the histogram of fre-
quency versus Ep,4 and fit it to a Vavilov distrbution. Various different hit
ranges were tried out and the procedure was repeated till we obtained an

optimal set of hit ranges for which the Vavilov distribution provided a good
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fit for each of the frequency versus Ey,,q histograms. These histograms, along

with the fitted Vavilov distributions, are shown in figures 7.7, 7.8, 7.9, 7.10.

For the bin with 2 — 3 hits, the Vavilov distribution was not a good fit. There-

fore this bin was not used in further analysis. Moreover, such low number of

hits may occur due to the noise rather than due to charged hadrons. This is

another justification for dropping this bin. The hadron hit ranges used and

the corresponding Vavilov fit values are shown in table 7.3.
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FIGURE 7.10: Ey,q distribution for hit ranges (50,54), (55,59), (60,69),

(70,79), (80,99) and (> 100).




116 Chapter 7. Hadron energy estimation from atmospheric neutrino events

S. No. | hadron_hits | Ep.g—mean Ogh
1 2-3 0.356 0.356
2 4-5 0.497 0.472
3 6-7 0.939 1.111
4 8-9 1.220 1.250
5 10-11 1.424 1.269
6 12-13 1.892 1.687
7 14-15 2.315 1.976
8 16-17 2.850 2.440
9 18-19 3.639 3.094
10 20-21 4.130 3.367
11 22-24 5.106 4.266
12 25-29 6.572 5.411
13 30-34 8.391 6.718
14 35-39 11.397 9.069
15 40-44 13.320 10.083
16 45-49 15.311 10.891
17 50-54 16.694 11.586
18 55-59 20.203 14.196
19 60-69 24.510 16.834
20 70-79 29.105 20.119
21 80-99 32.444 21.135
22 > 100 44.4066 | 24.679

TABLE 7.3: The ranges of hadron hits and the corresponding fit values

Mean E,__, (GeV)

of Vavilov distributions.

Mean E, _, vs hadron_hits

50— [ o/ ndf 0.1719/18
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FIGURE 7.11: Epad—mean VS hadron _hits

The values of E},q—mean and oy, are calculated for each distribution from

the corresponding Vailov fit parameters P;, using equations similar to those
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in eq. (7.1). We plotted hadron hits versus Ejaq—mean in figure 7.11. Here
again, the error bars in the x direction span the bin size in the number of hits
and the error bars in the y direction extend +ogj, from Ej .4 mean- When the
data in figure 7.11 was fitted with a linear function, the estimate of hadron en-
ergy was too low for hadron hits > 40. Therefore we did a fit with a quadratic

function and obtained
Ehad—mean =~ 0.09x 4+ 0.005x2, (7.4)

where x represents the number of hadron hits. We also plotted 02, versus

Ehad—mean in figure 7.12. This energy resolution is parametrized as 0 (E)/E =

va?/E + b? [6]. A fit to the plot gives the values

21404
(&) - \/ 21204 L 384003, (7.5)

Ehad—mean Ehad—mean

leading toa = 1.45+0.14 and b = 0.62 =+ 0.02.

2
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FIGURE 7.12: 0, VS Enad—mean

In a previous work, the authors of ref.[9] also have used the hadron hit

information from the Geant4 simulation of NUANCE generated atmospheric

neutrino events. There are a number of differences in the procedure they
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used and in the procedure used in this work.

e Their data set consists of 1000 years of atmospheric neutrino events,

whereas our set consists of 100 years of data.

e They obtained hadron hit bank information by doing the Geant4 sim-
ulation of an event with the muon turned off at the input level. In our
case, we did the full Geant4 simulation of all the charged particles in the
event and subtracted the hits which went into the track reconstrcution.

This is the procedure which will be utilized in the case of actual data.

e The avalanche produced in an RPC by one charged particle can, quite
often, produce hits in two adjacent strips. Thus, the number of hadron
hits in an RPC is likely to be larger than the number of charged particles
passing through it. This feature is built into Geant4 through the option
multiplicity. The authors of ref.[9] kept this option off and hence ob-
tained a smaller number of hits for a given hadron energy. In our case,
we kept the multiplicity option on and obtained about 30 to 40% larger
numbner of hits for the same hadron energy. This is a more realistic

simulation of the detector.

Because of points 2 and 3, the procedure we used is modelled more closely

to what happens in the detector.



119

Chapter 8

Tension between the data of long

baseline neutrino experiments

8.1 Long baseline neutrino experiments

Super-Kamiokande experiment showed that atmospheric muon neutrinos
undergo oscillations into tau neutrinos with a large mixing angle but the
probability of oscillation of the atmospheric electron neutrinos is quite small.
A fit of the muon neutrino data to the muon neutrino survival probability
expression

Am3,L

Py = 1 — sin® 26,3 sin® (1'27T> , (8.1)

gives Am3, in the range (2 —5) x 1072 eV? and sin?263 in the range (0.95 —
1). In the above equation L is neutrino’s path length and E is it’s energy.
Later, a number of accelerator neutrino experiments were constructed to mea-
sure the above oscillation parameters more accurately and also to search for
CP violation in neutrino oscillations. In all these experiments, a beam of
vy, /¥y, produced at an accelerator complex, is directed to a detector which is
located at a distance of a few hundred kilometers. The energy of the beam is
chosen so that Am3,L/E ~ 1. The signal for oscillations is most prominent
for this choice. The data from MINOS experiment, the first such experiment,

led to the measurements [156]

|Am3,| = (2.74 4 0.44) x 1072 eV? and sin?(26,3) > 0.87. (8.2)
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MINOS experiment also observed electron neutrino appearance events due
to v, — v, oscillations [157]. However, the background for this signal was
too large to make any other measurement possible.

The next generation accelerator experiments were designed to optimize
the observation of v, appearance signal. The detectors were placed at a lo-
cation which is slightly off the beam axis. This gave rise to a neutrino beam
spectrum which is sharply peaked at the design energy. The detectors were
also designed to fully reconstruct the neutrino energy. This enables them to
supress the background events due to beam v, (whose energy is higher than
that of the signal events) and the background events due to NC ¥ events
(whose energy is lower than that of the signal events). Two such experiments
are currently taking data. The first is T2K experiment in Japan and the other

is NOVA experiment in the US.

8.1.1 T2K

T2K is a long baseline neutrino oscillation experiment with the v, beam from
the J-PARC accelerator in Tokai to the Super-Kamiokande detector 295 km
away. The accelerator is oriented in such a way that the detector is at 2.5° off-
axis location. Super-Kamiokande is a 22.5 kton fiducial mass water Cerenkov
detector, capable of good discrimination between electron and muon neu-
trino interaction [10]. The neutrino flux peaks sharply at 0.7 GeV which is
also the energy of the first oscillation maximum. T2K experiment started
taking data in 2009 and ran in neutrino mode with 14.7 x 10%° protons on

target (POT) and 7.6 x 10 POT in anti-neutrino mode [11, 12].

8.1.2 NOvA

NOvA [13] is an another long baseline neutrino oscillation experiment capa-
ble of measuring the survival probability Py, and the oscillation probability
Pye. The NuMI beam at Fermilab, with the power of 700 kW which corre-
sponds to 6 x 10?° protons on target (POT) per year, produced the neutrinos.

The far detector consists of 14 kton of totally active scintillator material and
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is situated at 810 km away at a 0.8° off-axis location. Due to the off-axis lo-
cation, the flux peaks sharply at 2 GeV, which is close to the the energy of
maximum oscillation of 1.4 GeV. It started taking data in 2014 and ran in

neutrino (anti-neutrino) modes with 8.85 x 1020 (12.33 x 10%°) POT.

8.2 Degeneracies in P(v, — v,)

The v, — v, appearance signal events in T2K and NOvA are sensitive to the
various neutrino oscillation paramenters appearing in the oscillation proba-

bility Pye. For three flavour oscillations, including matter effects, this proba-

bility is given by
A A
Pye = sin? 265 sin® ngw
(1-A) (8.3)
AN A A
+ & cos 0713 sin 2015 sin 26013 sin 26,3 Cos(g + dcp) smAAA sin A(1 ; A) ,
A 1-A

A A
where A = 1.27Am§1L/E, A = A/Amg1 and « = Am%l/Amgl. The Wolfen-

stein matter term A is

A(eV?) = 0.76 x 10~ *0(gm/cc)E(GeV), (8.4)

where E is the energy of the neutrino and p is the density of the matter. For
anti-neutrinos, Py = Py is given by a similar expression with cp — —dcp
and A — —A. Since a & 0.03, the term proportional to a2 in Py, is neglected.
This expression depends on all the neutrino oscillation parameters. Among
them the mass squared difference Am%1 and the mixing angles 61, and 63
are measured with great accuracy. The magnitude of Am3, is measured ac-
curately but its sign is as yet unknown. The case of positive Am3, is called

normal hierarchy (NH because mz > my > mj) and the case of negative
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Amgz is called inverted hierarchy (IH because my > m; > mg3). The probabil-
ities P, and Pj; are sensitive to hierarchy because of the quadratic and linear
powers of sin[(1 — g)g] /(1— 1&) in the first and second terms of equation 8.3
respectively. In the case of mixing angle 6,3, the value of sin?20,3 is measured
to great accuracy. However, the value of sin? 0>3, derived from this measure-
ment has a large range of (0.35 — 0.65). The case of sin®f,3 > 0.5 is called
higher octant (HO) and that of sin® B3 < 0.5 is called lower octant (LO). Be-
fore the advent of T2K and NOVA, the value of the CP violating phase dcp is
completely unknown.

From equation 8.3, we note that P, depends on all the three unknowns
mentioned above. That is, on (a) hierarchy (b) octant and (c) cp. Therefore,
a single measurement of P, can yield multiple, degenerate solutions. To
unravel the value of each of the unknowns, we should study the change in
Pye and in Py by each of these unknowns. To facilitate this study, we define

the following reference set of values for each of the unknown parameters.
e vacuum oscillations (no matter term, A = 0).
e maximal value of 653 (sin%6y; = 0.5)
e no CP violation (6cp = 0).

We first consider the changes in Py, and Py, relative to the reference point,

due to a change in one of the above unknowns.
e For NH, P, increases and Py decreases. The effect is opposite for IH.
e For HO, both Pye and Ppz increases. They both decrease for LO.

e For écp in the lower half plane (LHP, —180° < écp < 0) Py, increases
and Py decreases. The effect is opposite for dcp in the upper half plane
(UHP, 0 < écp < 180°).

When we consider changes induced by two or three unknownes, it is possi-
ble that the change induced by one is cancelled by the change induced by

the others. Degenerate solutions occur in such cases. Measurement of both
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Pye and Py is helpful in distinguishing between these degenerate solutions.
These degeneracies are discussed in detail in reference [158]

The energy of T2K beam at peak flux is quite small (~ 0.7 GeV). Hence,
the matter term for this experiment leads to only a small change in P,, and
Pye (less than 10 %). The energy of NOvA beam is nearly three times larger
with corresponsdingly larger matter term. Such a term induces a change of
about 25% in Py, and Pge. The maximum change induced due to the non-
maximal value of 6,3 is about 20% for both experiments. The change induced
by considering maximal CP violation (6cp = £90°) is in the range (20 — 25)%
for both experiments. Note that, all three changes are of comparable magni-
tude for NOvA whereas the change induced by hierarchy in T2K is much

smaller than the maximal changes induced by the other two unkownns.

8.3 Tensions in the data of T2K and NOvA

Each of the two experiments, T2K and NOvA, have taken data in both neu-
trino and anti-neutrino beam modes. In each case, they have measured muon
neutrino disappearance and electron neutrino appearance. The measured
values of |Am3,| from these measurements are consistent with one another
and with previous measurements. Regarding the measurement of the un-
knowns, different pieces of data seem to point in different direction. Here,

we summarize the results of each piece of data.

e T2K v, disappearance: This data indicates maximal disappearance and

hence prefers sin®26y; very close to one. It strongly disfavors non-

maximal value.

e T2K 7, disappearance: This data also prefers maximal sin? 26,3, though
4 pp p g

its statistical weight is less than the v, disappearance data.

e T2K v, appearance: T2K observes 89 v, appearance events whereas 60

events are expected for the reference point. Such a large increase re-

quires the hierarchy to be NH, the octant to be HO and the dcp ~ —90°.
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e T2K 7, appearance: T2K experiment has observed only seven 7, appear-

ance events against an expectation of nine events for reference point.

This data is not statistically significant.

e NOvA v, disappearance: This data is consistent with sin® 26,3 close to

maximal value.

e NOvA 7, disappearance: This data, on the other hand, requires a non-

maximal value of sinZ265s.

e NOvVA v, appearance: NOvA observes 58 v, appearnce events compared

to 39 events expected for the reference point. This excess is similar to

the excess seen by T2K.

e NOvA 7, appearance: NOVA is the first experiment to establish 7, ap-

pearance signal. They observe a modest excess in this channel also (27

versus 28 for the reference point).
We observe the following tensions among the above data.

e The v, disappearance data of NOvA is consistent with the maximal
value of sin?26,3 = 1 whereas the v, disappearance data requires a

non-maximal value.

e The v, appearance data of T2K pulls 6,3 to higher octant whereas the v,

disappearance data constrains it to be very close to 45°.

e NOvA observes a reasonably large excess in v, and a modest excess
in 7, appearance data whereas T2K observes a very large excess of v,
appearace events and a suppression (not statistically significant) of 7,
appearance. Thus there is a tension between the appearance data of

T2K and NOvA, speacially in 7, appearance.

In the NOVA experiment, the magnitude of the change in Py, due to a
change in any one unkown, is the same. A reasonably large excess in v,
appearance is possible if the changes induced by two unkowns are positive

and no change induced by the third unknown. Since matter effects definitely
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cause a change, the reasonably large increase points to the hierarchy being
NH and one of the two following options:(a) sin? 63 in HO and dep =~ 0 or
(b)sin? 623 = 0.5 and &, ~ —90°. Only for the first option, is it possible for the
anti-neutrino appearance events to match the expectation for the reference
point. If option (b) were true, the 7, appearance events would have been
much less than the expectation for the reference point because both NH and
dep ~ —90° suppress these events. For T2K data, the best-fit solution for the
unknowns is: hierarchy NH, sin? 63 = 0.53 and dcp = —107°. The best-fit
solution of NOvA data is: hierarchy NH, sin? 6,3 = 0.56 and dcp = 0°. T2K
data rules out NOvA best-fit point at 20. whereas NOvA data rules out T2K
best-fit point at 1o.

Both the experiments also did a fit assuming the hierarchy to be IH. For
this case, the best-fit solution for T2K is sin? 6,3 = 0.53 and dcp = —82°.
However, this solution is barely allowed at 2c. For NOvA, the corresponding
best-fit solution is sin%6y3 = 0.56 and dcp = —90°, which is also allowed only
at 2¢. It is interesting to note that the dcp values of the IH best-fit solutions
of the two experiments are reasonably close to each other whereas dcp values

of the actual best-fit solution are far apart.

8.4 Combined fit to T2K and NOvA data

In this section we present our results of combined fit of the disappearance
and the appearance data of T2K and NOvA in both neutrino and anti-neutrino
channels. The data of T2K is taken from reference [14] and that of NOvA from
reference [15]. The theoretical expectations for the two experiments are calcu-
lated using the software GLoBES [16, 17]. In these calculations, The GLoBES
predictions for the expected bin-wise event numbers are matched with those
given by the Monte-Carlo simulations of the experiments, quoted in refer-
ences [14] and [15],for the same input parameters. In calculating the theoret-
ical expectations, the values of Am%l = 7.50 x 10~%¢V? and sin? 61, = 0.307

are held fixed.
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FIGURE 8.1: Expected allowed regions in dcp — sin? 03 plane from
the current neutrino and anti-neutrino data of T2K and NOv. In the
left panel, the hierarchy is assumed to be NH and in the right panel,
the hierarchy is assumed to be IH. The IH best-fit point has Ax? = 2.5.

The other oscillation parameters are varied in the following ranges: Am3, =
(2.494 4 3 x 0.065) x 10~3eV?,sin? 53 = (0.4,0.65), sin® 2613 = (0.084 & 3 x
0.003) and écp = (—180°,180°). In the appearance mode, there are 24 en-
ergy bins each in neutrino and anti-neutrino channels for T2K and 6 each for
NOvA. The corresponding numbers for the disappearance mode are 42 for
T2K and 19 for NOvA. Thus the fit involves a total of 182 data points. In
computing the x? between the data and the theoretical expectation, prior is
added for sin® 26;3. The results of our fit are shown in figure 8.1. In generat-
ing these plots, we assumed a 10% overall systematic error for each channel
of both experiments. The x? for the best fit point is 209.7, which occurs for
NH. The best-fit point in dcp — sin? 3 plane occurs at (—120°,0.55).

There is no allowed region in écp — sin? 63 plane for IH at 1c. There is
very small allowed region at 20 with the best-fit point occuring at (—90°,0.55)
with a Ax? = 2.5. The best-fit point for IH in our fit is close to the IH best-fit
points of T2K and NOvA. This is not surprising because those two points are
close to each other. For IH, the whole region of écp in upper half plane is

ruled out at 3¢ because it is disfavoured by both T2K and NOvA. For T2K,
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the change induced by dcp in v, appearance events is much larger than the
change induced by hiearachy. Values of écp in upper half plane reduces these
events relative to reference point. The large excess seen by T2K relative to the
reference point seems to rule out most of the upper half plane of dcp for NH
also, even though this region contains NOvA best-fit point. This same excess
seems to place the best-fit value of dcp in the lower half plane, with actual
value being determined by the relative weights of T2K and NOvA data. The
best-fit value of sin” 6,3 is the average of the best-fit values of T2K and NOVA.
Thus it seems as if the v, /7, disappearance data of T2K and NOvA seems to

play an equally important role in determining this quantity.
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Chapter 9

Feasibility study of a PET device
based on MRPCs

9.1 Introduction

The Multigap Resistive Plate Chamber (MRPC) is a modified version of RPC
detector wherein the gas gap between the electrodes is further divided into
multiple gaps by introducing electrically floating highly resistive plates. The
MRPC was first conceptualized and developed in 1996 [159]. These detec-
tors consist of many highly resistive plates (e.g. glass) and very thin gas gap
between them. The high voltage is applied only on the outermost electrodes
and the inner electrodes are all electrically floating.The signals are readout
from X- and Y-planes pickup panels placed at the outside of anode and cath-
ode electrodes. The time resolution of these detectors improves with nar-
rower gas gap. Studies done by several groups have shown a time resolution
lower than 100 ps for various MRPC configurations [160].

The working principle of an MRPC is similar to that of a single gap RPC
except that the electrically floating electrodes limits the avalanche to grow
beyond a certain level and provides less jitter in timing signal. Figure 9.1
illustrates an MRPC in the steady state condition. Excessive growth of the
avalanche is limited by intermediate plates, and hence a higher electric field
can be applied to the detector operated in the avalanche mode, compared
to that of a single gap structure. This is advantageous in terms of the time

resolution and rate capability of the device.
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The electrically floating interior resistive plates are maintained at equal
voltages due to the flow of positive ions and electrons between them. The
voltage across each gap is the same and on an average each gap produces
equal number of avalanches. The average net current to any of the internal
plates would be zero since there is an identical flow of electrons and ions in
each gas gap. The outer electrodes with graphite coat are transparent to the
fast signal generated by the avalanches inside each gas gap. The avalanche
in any of the gaps will induce a signal to the outermost electrodes, as the
inner electrodes are transparent to the fast signals. The fast signal is pro-
duced by the flow of electrons towards the anode. The resultant signal is the
summation from all the gaps which is readout from pickup panels placed at
the outside of anode and cathode electrodes. MRPCs may consist of a single
stack or two stacks packed together [161]. A higher operating voltage has to
be applied due to larger over all gap compared to a single gap RPC. MRPCs
can have potential application in Positron Emission Tomography (PET) due
to their precision time measurement [162, 163, 164] and good spatial resolu-
tion [165]. Several glass MRPC detectors have been developed to find poten-
tial application in TOF detectors, medical imaging etc. Here we present the
development and fabrication procedure of the optimized design, character-
ization and the experimental setup of TOF-PET experiment, the trigger and

data acquisition system, data analysis and Geant4 simulations of efficiency.

\ | -v2

- V2+(V1+V2)/6
_ - V2+(V1+V2)/3
— - V2+(V1+V2)/2
- V2+2(V1+V2)/3
- V2+5(V1+V2)/6

‘ +V1

/

l:l — Outer electrodes (glass plates with conductive coat)

- ~— Electrically Floating inner glass plates, transparent to fast signals

FIGURE 9.1: Potentials across the sub-gaps of an ideal MRPC detector.
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FIGURE 9.2: A schematic diagram of our detector.

9.2 Fabrication and Characterization of MRPCs

9.2.1 Fabrication

We have constructed several six-gap glass MRPCs of dimensions 305 mm X
305 mm x 7.5 mm. A schematic of the detector geometry with dimensions of
various components is shown in figure 9.2. The dimensions of internal glass
plates are 256 mm x 256 mm x 0.410 mm. Glass sheets of 2 mm thickness,
coated with a conductive layer of graphite paint of NEROLAC brand, were
used for the outer electrodes. The surface resistivity of the conductive coat
was in the range of 0.5 - 1 MQ)/[]. Two sided non conducting adhesive tapes
were used on both sides of a mylar sheet to make small circular spacers of
diameter 4 mm and thickness ~ 250 ym. Twenty five spacers were used to
maintain gas gaps.

Figure 9.3(a) shows placement of the spacers. There is a gap of around 2.7
cm between the edges of external and internal electrodes. The gas mixture
might end up flowing through that path of thickness 3.55 mm, instead of
flowing through a very narrow (0.250 mm) gas gap, which would offer much
higher resistance to the gas flow. In order to ensure a proper flow of gas

mixture through gap between the internal plates, we introduced blockers at
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appropriate places (one each near the gas inlets and two each near the gas
outlets). Figures 9.3(b) and 9.3(c) shows the design and placement of the
blockers, side spacers and gas nozzles respectively. The gas mixture has been
optimized to R134a (91.2 %), C4Hyg (4.8%) and SFs (4%). The pickup panels
consist of plastic honeycomb material laminated with copper strips of width
2.8 cm placed on both the sides of an MRPC orthogonal to each other. Figure
9.3(d) shows a fully assembled detector. Further details of our detector can

be found in [18].

FPLACEMENT OF
BLOCKERS

(©) (D)
FIGURE 9.3: (a) Placement of spacers, (b) blockers and side spacers,

(c) placement of blockers and side spacers and (d) a fully assembled
MRPC with pickup panels.

9.2.2 Characterization

We have characterized the two MRPCs used in our Time of Flight experi-
ment. A cosmic ray muon telescope was setup using three scintillator pad-
dles of 2 cm width. The two scintillator paddles were placed above the two
MRPCs under test and the third paddle was placed below the MRPCs. All
the three paddles were aligned along the central strip of both MRPCs. The
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effective area of the telescope was 25 cm x 2 cm. A view of the characteri-
zation setup is shown in figure 9.4(a). P1, P2 and P3 are the scintillator pad-
dles whose coincidence is given as the trigger to the Data Acquisition System
(DAQ). A schematic of the DAQ system is shown in figure 9.5. The trigger
is formed by the coincidence of discriminated signals of P1, P2 and P3. The
signals from MRPC1 and MRPC2 are recorded with this trigger. We need
both digital as well as analog outputs from the preamplifiers for correcting
time walk of Time to Digital Converter (TDC) data. Anusparsh boards [166]
are used as preamplifiers to obtain time and charge information simultane-
ously. Anusparsh is a front end ASIC designed for the ICAL experiment. It
is an 8-channel amplifier and discriminator. It also provides analog output
of the amplifier stage for a selected channel. The amplifier comprises of a
regulated cascode trans-impedance amplifier, followed by two stages of dif-
ferential amplifier. The threshold is common to all discriminator channels.
Outputs of the discriminators are Low Voltage Differential Signals (LVDS).
The charge information is obtained from the analog output of the Anusparsh
and used for the calibration of the TDC data. A picture of the Anusparsh
boards designed and fabricated at TIFR is shown in figure 9.4(b). The analog
outputs are directly fed to the ADC inputs to get the charge information. The
LVDS outputs are first converted into NIM signals. These NIM signals are
discrimated and fed into the TDC module to get timing information of the
MRPC signals with respect to the trigger and into the scaler module to get
individual noise rates and efficiencies of MRPC1 and MRPC2.

FIGURE 9.4: (a) A view of the Characterization setup and (b) the
Anusparsh board.
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FIGURE 9.5: DAQ of the characterization setup

The noise rates verus applied high voltages, I-V charcteristics and the
muon detection efficiencies versus applied high voltages of MRPC1 and MRPC2
are shown in figures 9.6(a,b and c) respectively. We also studied time res-
olutions of MRPC1 and MRPC2 with this characterization setup using the
cosmic muons. The TDC data of individual MRPCs were corrected by using
the charge information of each event obtained by Anusparsh boards. Fig-
ures 9.6(d and g) and 9.6(e and h) show the TDC counts versus QDC counts
histograms and profile histogram of MRPC1 and MRPC2. The profile his-
tograms were fitted to a function exp[—po/x + p1] + p2. The TDC value of
each event is then corrected by using the fit parameters py, p; and p, and the

QDC value. The calibration is done using the following equation

TDCcorrected = TDCraw — Tcalib (9-1)

where T,,;;; is the correction obtained using the fit parameters from the pro-
file histogram. Figures 9.6(f) and 9.6(i) shows the corrected TDC distributions
of MRPC1 and MRPC2 respectively.
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FIGURE 9.6: Characterization plots (a) Noise rates, (b) chamber cur-
rent (I) vs applied high voltage (V), (c) efficiency versus applied high
voltage, (d) TDC versus QDC histogram of MRPC1, (e) Profile his-
togram of MRPC1, (f) the time walk corrected TDC distribution of
MRPC1, (g) TDC versus QDC histogram of MRPC2, (h) Profile his-
togram of MRPC2 and (i) the time walk corrected TDC distribution

of MRPC2.
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The time resolutions of MRPC1 and MRPC2 with respect to the trigger
(scintillator paddles) after applying the time walk correction are ~ 589 ps
and ~ 697 ps respectively. An electronic jitter of ~ 20 ps along the TDC path
of each channel was measured by feeding signals from a pocket pulser. The
time difference between MRPC1 and MRPC2 (AT) is shown in figure 9.7. The
time resolution for AT is ~ 390 ps which includes the 20 ps electronic jitter.
Different characterization values of MRPC1 and MRPC2 are listed in table
9.1.

(MRPC1-MRPC2)

MRPC1-MRPC2
Entries 13280
Mean 133.8
RMS 18.91
x? / ndf 1098 /23
Constant 1445 +17.0
Mean 134.8 £ 0.1
Sigma 15.6 + 0.1

Frequency

I
R
o[LSB=25 ps]

T
200

"
250

OO
Q
o

MRPC1-MRP

FIGURE 9.7: AT distribution (MRPC1 - MRPC2).

Noise rate (Hz) | Current (nA) | Efficiency (%) | or Corrected (ps)
MRPC1-Trigger ~ 2350 ~ 290 ~92 ~ 589
MRPC2-Trigger ~ 1700 ~ 250 ~ 94 ~ 697
MRPC1-MRPC2 ~ 390

TABLE 9.1: Noise rates, chamber currents, efficiencies and corrected
timing resolutions of MRPC1 and MRPC2 at ~ 18 kV operating volt-
age.

9.2.3 Time resolution with signal readout from both ends of a strip

We modified the signal readout system of our detector in order to achieve a
better time resolution. The pickup strips of both the top and bottom planes
of each detector are placed parallel to each other. The signal is read in differ-
ential mode from both ends of strips. Only the central strips are read from
both MRPC1 and MRPC2. The trigger is formed by the scintillator paddles
as described in 9.2.2. The data is recorded in a 4-channel, 2.5 GHz bandwidth

oscilloscope as shown in figure 9.8.
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FIGURE 9.8: Setup for measurement of time resolution with readout
from both ends of a pickup strip.
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FIGURE 9.9: AT distribution

The timing data from left and right ends of the central strip of both MRPC1
and MRPC2 is averaged to correct for the position dependence of time [167].
The time difference between MRPC1 and MRPC2 is shown in figure 9.9. The

obtained time resolution from this method is ~ 286 ps.

9.3 MRPC for Positron Emission Tomography (PET)

Positron Emission Tomography (PET) is an advanced diagnostic method to
monitor the effects of therapies like oncology, cardiology, neurology, psychia-
try or gastrology. It is used to determine the spatial and temporal distribution
of concentrations of some pharmaceutical substances in the body. The patient
is administered a substance containing a radioactive isotope which emits

positrons. As the rate of assimilation of these special substances depends
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on the type of the tissues, regions of the diseased cells can be recognized
with high accuracy [168]. The currently used detectors for PET imaging are
the scintillator-based detectors, e.g., Bismuth germanate (BGO) or Lutetium
orthosilicate (LSO), due to their excellent light output and very good energy
resolution. But their high cost, limitations due to a short field of view and
long dead time of the electronics, attempts are being made to find a better
alternative. MRPCs offer a good alternative to the scintillator-based PET due
to their excellent time resolution and position resolution with a compara-
tively lower cost of fabrication. We have mounted two MRPCs horizontally
and a radioactive source (*’Na) is placed asymmetrically between the two
detectors. 2 Na emits a positron which annihilates with an electron almost
at rest and two gammas of 511 keV are produced with opposite momenta.
These photons are detected by the two detectors in coincidence with each
other. Each MRPC has eight "X" strips and eight "Y" strips of 2.8 cm width.
Lines Of Response (LOR) can be obtained by joining the hit coordinates. The
time of flight information gives the exact position of the source on the line of

response.

9.3.1 The Experimental setup and DAQ

A pair of scintillator paddles (P3 and P4) of dimensions 44 cm x 44 cm are
placed above the top MRPC and another pair of scintillator paddles (P1 and
P2) are placed below the bottom MRPC such that the MRPCs are well within
the area of scintillator paddles. The coincidence signal of all four scintillator
paddles is used as a veto to remove the cosmic muon background. The sig-
nals from pickup strips are readout by Anusparsh ASIC described in section
2. We read only three "X" and three "Y" central strips of each MRPC to form
the trigger. The LVDS output of Anusparsh is converted to NIM signal. These
are discriminated and fanned out for the MLU (LeCroy 365AL Dual 4-Fold
Majority Logic Unit), Scalers and the TDC (Phillips Scientific 7186 Time-to-
Digital Converter). In the coincidence unit path, the "X" strips and "Y" strips

are ORed separately and the ORed signals of X and Y planes are ANDed. The
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resultant AND output of each MRPC are finally ANDed to form the trigger.
In the TDC path, the discriminated NIM output of each strip is delayed by
adding appropriate lenghts of cables such that the signal is well within the
trigger window and then they are used as TDC stop. The analog outputs of
Anusparsh boards are directly fed into the ADC inputs. Figure 9.10 (bottom
panel) illustrate the DAQ system. We have used only the "X" plane timing
data of MRPCs to calculate the time of flight in this experiment. Figure 9.10

(top panel) shows a view of the experimental setup.

9.3.2 Time of flight measurement

The "X"and "Y" coordinates of hits are recorded along with the time of arrival
of the photon at the detector. We obtain lines of response by joining the hit
coordinates of MRPC1 and MRPC2 only for events with single multiplicity
(with one strip hit per plane per detector). The timing Information infers the
exact position of the source on the line of response. The difference between
timings of two opposite photons is calculated as AT = tyrpc1 — tMRPC2-
There were offset in cable lengths and the TDC path of different channels.
To avoid this, we have taken two readings for a fixed distance between the
MRPCs. First, the source is kept at the bottom MRPC and we obtain AT} =
tmrpc1 — tmrpcz. The same reading is repeated but with source just below
the top MRPC and we calculate AT, = tyrpc1 — tmrpcz- Finally we calcu-
late the time of flight TOF=(|AT; — AT,|)/2. We took readings for the four
values of separation (30 cm, 45 cm, 60 cm and 75 ¢cm) between MRPCs. The
opearting voltage of MRPCs was set at 15 kV. Our results of time of flight cal-
culation for these distances have been summarized in table 9.2. The figures
9.11(a), 9.11(c), 9.11(e) and 9.11(g) show the AT; distributions of the central
strips with source at bottom MRPC and 9.11(b), 9.11(d), 9.11(f) and 9.11(h)
show the AT, distributions of the central strips with source at top MRPC. We
can see from these figures that the peak corresponding to the source signal

sits over a uniform random noise. The position of the peak depends on the
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position of source. When the source is placed at the bottom (top) MRPC, the
peak is on the left (right) side of the central value.

S CE
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FIGURE 9.10: Top panel: A view of the setup. Bottom panel: Block
diagram of the setup.
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Distance ATy (ns) AT; (ns) TOF (ns) | Exp. TOF (ns)
30 cm -8.38 £0.05 | -6.24 +0.07 | 1.07 4 0.04 1.0
45 cm -9.24 +0.04 | -6.42£0.04 | 1.41 +0.03 1.5
60 cm -9.67 = 0.07 | -5.60 £ 0.06 | 2.03 + 0.05 2.0
75cm | -10.13 £ 0.07 | -5.13 £ 0.07 | 2.50 £ 0.05 2.5

TABLE 9.2: Measurement of the time of flight (TOF) for various dis-
tances between MRPCs

9.3.3 Time resolution for 511 keV gammas

The time resolution is the crucial parameter for a TOF-PET device. The Anus-
parsh boards were used to get both the digital as well as analog information
of each event. The analog information is required to apply time walk correc-
tion to the TDC data. Data was taken for four values of operating high volt-
age 15kV, 16 kV, 17 kV and 18 kV with source placed at the bottom MRPC.
The separation between the two MRPCs was kept fixed at ~ 30 cm. Figures
9.12 show the results for the data taken at these four high voltages. The first
column shows the profile histograms of ATg,, versus QDCprpcz. These
profile histograms are fitted to a function exp[—po/x + p1] + p2. The TDC
value of each event is then corrected by using the fit parameters pg, p; and
p2 and the QDC value. The calibration is done using the equation 9.1. The
second column shows the raw AT distributions. The third column shows the
corrected AT distributions. The plots in second and third columns are fitted
with a combination of a gaussian and a first order polynomial function. The
gaussian peak corresponds to the source signal and the linear function fits

the unifrom random noise. The time resolution values are listed in table 9.3.

H.V. or (ps) or (ps)
(Raw) (Corrected)
15kV | 1157.25 + 15.00 | 1022.00 + 14.25
16 kV | 757.50 &+ 8.50 679.25 + 9.00
17kV | 72275 £ 5.00 674.50 + 7.75
18kV | 583.75 £ 7.50 480.75 + 5.00

TABLE 9.3: Time resolution at different high voltages
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9.4 Geant4 simulation of Efficiency for 511 keV gammas

MRPCs are gas filled detectors and have excellent effeciency for minimum
ionising particles (muons). Efficiency study of our detector for cosmic muons
can be found in [18]. MRPCs have very low efficiency for gammas. Since our
experiment involves 511 keV gammas produced by ?2Na source, we did a
Geant4 simulation study to estimate the efficiency of our detector for 511 keV
gammas. The MRPC was simulated according to the design details described
in section 9.2. Gammas of energy 511 keV generated by Geant4 monte carlo
were showered within a solid angle which covered the entire active detector
area. 50,000 photons were used to generate a set of data. Ten such data sam-
ples were created and the efficiency was calculted for each data set and then
their mean and standard deviation was calulated. We repeated this exercise
by varying the number of gas gaps from 1 to 30. Figure 9.13(a) shows the plot
of effeciency versus the number of gaps in the MRPC. The data points are the
mean values of efficiency and the errors are given by ¢/ /(N — 1) (where "o"
is the standard deviation and "N" is the number data samples). As it can be
seen that the efficiency is very low for 511 keV gammas. Our detector has six
gaps which corresponds to an efficiency of ~ 1%. Efficency increases with

the increase in the number of gaps.
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FIGURE 9.13: (a) Efficiency vs number of gaps and (b) efficiency vs
thickness of the PbO coat.
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The efficiency can be improved if a high "Z" material is used as a con-
verter, which converts gammas into electrons through photoelectric effect or
compton scattering. We did a simulation study to estimate the improvement
in efficiency by using PbO as a converter material. A PbO coat was applied
on the inner side of an outside electrode. The thickness of the coat was varied
from 0.00 mm to 0.50 mm. Ten data sets were obtained for each thickness by
shooting 50,000 photons on the coated electrode side of the MRPC. Efficiency
was obtained in similar way as obtained above. Figure 9.13(b) shows the ef-
ticiency versus PbO coat thickness plot. The data points are the mean values
obtained from the ten data sets and the errors are given by ¢/ /(N —1). We
see an improvement in effeciency near 0.1 mm thickness of the coat. The

number of gaps (6 gaps) was kept fixed for this study.

9.5 Conclusion

We measured Time Of Flight (TOF) of 511 keV gammas produced by (?>Na)
source between the two MRPCs for different distances between the two de-
tectors. The time resolution of our detector for 511 keV photons at 18 kV op-
erating volatges is ~ 480 ps which includes electronic jitter of ~ 120 ps. We
did Geant4 simulation to estimate the efficiency of our detector for 511 keV
gammas for different number of gaps in an MRPC. The efficency increases
with increasing number of gas gaps. A PbO coat on the inner side of one of
the outer electrodes which acts as a converter material can also improve the

efficiency of our detector.
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Chapter 10

Summary

10.1 Hadron Energy Estimation

In this work, we attempted to obtain an estimate of the energy of hadrons
produced in a charged current interaction of an atmospheric muon neutrino/anti-
neutrino in ICAL at INO. This was done by doing a full Geant4 simulation
of atmospheric neutrino events generated by NUANCE. We have used the
un-oscillated data simulated for a period of 100 years. We have established

the following results:

e For Ej,; < 5 GeV, almost all of the hadron energy is carried by the

baryons.

e The relation between the number of hits and the energy of hadrons is
very different for the two cases when the hadrons are mesons and when

the hadrons are baryons.

e When the events are classified into bins with different number of hadron
hits, the resulting spectra are reasonably well described by Vavilov dis-

tributions.

e There is a good correlation between the number of hits and the mean

value of Egy,; of the Vavilov distributions.

e The width (¢) of the Vavilov distributions is related to the mean energy

(Ehad—mean = E) through the expected relation o (E)/E = +/(a?/E + b?).
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It will be interesting to redo the analysis of the physics sensitivities of ICAL
at INO using the hadron energy estimates and resolution functions presented

here.

10.2 Tension between the data of T2K & NOvA

The two long baseline accelerator neutrino experiments, T2K and NOvA,
have taken significant amount of data both in the neutrino channel as well as
in the anti-neutrino channel. The disappearance data of T2K prefers sin? 63
close to 0.5 whereas that of prefers sin” 623 to be non-maximal. T2K has ob-
served 89 v, appearance events but the number of 7, appearance events is
not statistically significant. NOvA has observed 58 v, and 18 7, appearance
events and has established 7, appearance at 4 ¢.

To understand the constraints imposed by the appearance data on the
three unknown parameters of neutrino oscillations, we define a reference
point: no matter effects, sin® @3 = 0.5 and dcp = 0. We consider the change
induced in Py, and Py by the inclusion of matter effect due to NH/IH, by
the change of sin® 63 to HO/LO and by the effect of CP-violation with Jcp
in LHP /UHP. Both matter effects and non-zero écp induced opposite devia-
tions in P, and in Py.. But the octant of 63 changes both the probabilities the
same way. The observed v, appearance events in T2K are about 50% more
than what is expected for the reference point. Such a large excess is possible
only if the change in Py, is positive due to the changes in all the three un-
knowns. That is if hierarchy is NH, 63 is in HO and écp ~ —90°. The best-fit
point of T2K finds the unknowns to be: hierarchy is NH, sin? 23 = 0.53
and écp = —107°. The value of sin? §23 is a compromise value of the best-fit
values of the disappearance and the appearance data. T2K appearance data
requires dcp to be in the neighbourhood of —90° quite strongly. In the case
of NOvA, the observed v, and 7, appearance events are in moderate excess
relative to the reference point. Such an observation can be explained only if

the changes induced by hierarchy and dcp in Py, and Pj; nearly cancel each
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other and the increase is due to 6,3 being in HO. This is why NOvA obtains
two nearly degenerate solutions: hierarchy is NH, 623 in HO and dcp ~ 30°
and hierarchy is IH, 6,3 in HO and dcp ~ —90°. The large excess of v, appear-
ance events in T2K rules out both these points at 95% C.L. On the other hand,
the moderate excess of v, and 7, appearance events in NOvA disfavours en-
hancement of P, due to both hierarchy and dcp.

The analysis of NOvA data picks sin” 6,3 = 0.58 as the best-fit value. In
the combined analysis of the appearance and the disappearance data of the
two experiments the best-fit value of sin® 3 is pulled a little lower by the
disappearance data of T2K. The best-fit value of dcp for the NH solution is in
the LHP at —130°. This value is the result of the large excess of v, appearance
events seen by T2K which force dcp to take a large value in LHP. Values of
dcp in UHP, for NH, are ruled out at 2 7, even though the best-fit point of is
in this region. This also is a result of the large excess of v, appearance events
observed by T2K. Values of écp in UHP predict the number of v, appearance
events for T2K to be close to or below that of the reference point. Such values
are strongly disfavoured by T2K because the observed number of events is
significantly larger. Even though this region is preferred by NOvA appear-
ance data, the conflict between its predictions and T2K data is ruling it out at
2 ¢ in the combined fit.

Even though T2K barely allows an IH solution at 2 ¢, the combined fit has
a nearly degenerate IH solution which is the common IH solution of each
experiment, with écp = —90° and sin® 0,3 = 0.56. If the hierarchy is IH and
dcp is in UHP P, is doubly suppressed by matter effects and by écp. There
is a corresponding double enhancement of Pp;. Such a feature is not seen by

either experiment hence this possibility is ruled out at 3 ¢.

10.3 Feasibility study of MRPC based PET device

We developed and characterized several six-gap glass MRPCs and exten-

sively studied their performance over a long period of time. We obtained
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a time resolution of ~ 390 ps with a cosmic muon telescope with orthogonal
pickup panels. We also recorded data in an oscilloscope from both ends of
the strips with parallel pickup panels. The time resolution obtianed from this
setup is ~ 286 ps. We measured Time Of Flight (TOF) of 511 keV gammas
produced by (*’Na) source between the two MRPCs for different distances
between the two detectors. We studied the time resolution of our detector
for 511 keV photons at different operating high volatges. The time resolu-
tion improves with incresing high voltage. We could go upto 18 kV and the
time resolution at this high voltage is ~ 480 ps which includes electronic jitter
of ~ 120 ps. The time walk correction using the analog information from the
Anusparsh boards significantly improves the time resolution. We did Geant4
simulation to estimate the efficiency of our detector for 511 keV gammas for
different number of gaps in an MRPC. The efficency increases with increas-
ing number of gas gaps. A PbO coat on the inner side of one of the outer
electrodes which acts as a converter material can also improve the efficiency

of our detector.
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