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SYNOPSIS

Introduction

The INO is an upcoming experiment and my work involves simulations and their analysis
to determine physics possibilities of the Iron CALorimeter detector. The ICAL aims
to study the atmospheric neutrino interactions. The events at ICAL can be broadly
classified into two types: the muon track containing events and the events with no muon
tracks. The former basically refers to the vertical high energy v, charged current (CC)
interactions. The latter comprises of the neutrino neutral current (NC) interactions of
all types, 1.CC interactions and some v.CC interactions, and are referred as muonless
events.

The thesis is based on the following topics: They are
1. “Study of Muonless Fvents at ICAL”. This in turn comprises of three subsections:

e Obtaining an events sample rich in atmospheric v.,CC events.

e Their contribution to the determination of r-mass hierarchy.

¢ Estimating the Energy and Direction of the incident neutrinos in such muon-
less events.

2. Inclusion of GENIE as v-Event Generator for INO

3. Improving the mass hierarchy determination using adaptive neural network for

event selection.

Project I: Muonless Events at ICAL

The primary physics signal events in the ICAL at INO are the v, charged current (CC)
interactions with a well defined muon track. Apart from these events, the Iron Calorime-

ter can also detect other types of neutrino interactions, i.e. the electron neutrino charged



current interactions and the neutral current (NC) events. These interactions do not give
clear muon tracks like the v,CC events. The low energy and horizontal v, CC events
also do not give muon tracks. Therefore, apart from the muon track containing events,
we should also focus on these “muonless” events, in order to extract maximum possible
information from the ICAL detector.

We generated neutrino events by the Nuance neutrino generator [1], equivalent to 500
years of exposure. We then simulated these events using the ICAL detector geometry in

GEANT4 [2].

Obtaining a 1, CC rich events sample

It is possible to have a dataset containing mostly v,CC events, by imposing appropriate
selection cuts on the events. The low- energy/horizontal 1,CC events and the neutral
current events (all 3 flavors) form the background to these events. The v,CC events
(comprising a very small fraction of the total sample ~0.5%) are also included.

We devised several selection criteria based on the hits (~#signals detected in an
event) and layers. [The number of hits can be roughly interpreted as the number of
signals in an event. The layers refer to the number of layers with one or more hits in
an event.] The muon track containing events are mostly eliminated by choosing events
confined to 5 layers. A lower threshold on the number of hits reject a significant fraction

of the NC events as well as the low energy v,CC events.

Selection Criteria | Total #events | #v.CC events | v.,CC Purity
hits>10 1006046 202838 20%
hits>10; layers<5 353874 163807 46%

Table 1: Event counts after the elementary selection cuts on the Geant output for the
NH 500 years data in E,={0.1,100} GeV.

Additional selection cuts have been developed with the underlying logic that elec-
trons/positrons produced give rise to electromagnetic showers. A few of them are men-

tioned here as follows:



e Most of the electrons/positrons are absorbed by thick iron layers. If the shower
starts at the top/bottom of the iron layer, a sudden increment in number of hits in
the following layer is expected. We look for sudden increase in the number of hits

in the consecutive layer (calling it “max. hits difference”).

e Based on the EM shower concept and the presence of iron layers, we seek for some
pattern in the number of hits in adjacent layers . We select events with the majority

of hits confined in one of the layers.

e The hits in different layers of v,CC events are non-uniform. The hits are mostly
over concentrated in some layers, while entirely sparse in the rest (owing to the EM
shower nature). This is reflected in a layerwise hits distribution. We put cuts on
the parameters of the layerwise hits distribution in a v-event. This exploits the fact
that v,CC events have larger tails and the NC events have broader distributions

than the v.CC events.

These criteria in combination with the elementary cuts (e.g. in Table 1) improve
the v,CC purity in the selected sample. Effects of a few selection criteria are listed
in Table 2. Each selection category accomodates a number of cuts in the parameters
to obtain significant v.CC purity in each case [3]. One such example from each of the
selection category is mentioned in Table 2.

It has also been noted that, with an increase in purity of the sample, the sample-
size decreases, and so does the fraction of vertical events. So, an optimization is required
between the purity and the sample size, depending on the physics we would like to extract.

Depending on the constraints used, one can obtain a neutrino data sample with
the purity of v, events varying between 53% to 68% with 300 to 15 events per year
respectively. Thus, with appropriate combinations of such cuts we can select an event
sample of v,CC purity of ~ 60% in a sample size of ~ 100 events per year.

Application of the upper layer cut of 5 ensures that the information available from

these muonless events is independent from that in the conventional analysis of v,CC



Selection Criteria Selected v,CC v,CC v,CC Net
Sample Content | Purity | Selection
size Efficiency
Maximum Hits diff. 156,000 82500 53% 50%
Overall Pattern: hits | 189,000 99814 56% 61%

in layers

Comparison: hits in | 43,000 26006 60% 16%
layers

Single layer hits 6,500 4420 68% 3%

Table 2: Examples of one of the cuts from each type of selection criteria on 500 years of
NH data: Purity = ratio of v, CC content to selected sample size; Net Selection Efficiency
= ratio of v,CC content in the selected sample to the same in the primary dataset i.e.
with hits>10.

events. Events beyond this 5-layer range comprise mostly of v, CC events, with just 10%

background due to the muonless events.

Contribution to the v-mass hierarchy

The signature of matter efects are retained by the v.CC events in an ve-rich sample of
these muonless events. The effect of muonless events in the mass hierarchy determi-
nation is also studied, with the hope of improving the hierarchy sensitivity of ICAL,
even marginally. The neutrino oscillations have been applied using the normal and
the inverted mass hierarchy parameters, which are denoted as NH and IH respectively.
We used fixed oscillation parameters, and are as follows: Amo2 = 7.5 x 107° eV?,
Amz12(NH) = 2.51 x 1073 eV2, Amz12(IH) = —2.43 x 1073 eV2, sin?60;5 = 0.31,
sin® 2613 = 0.09, sin® A = 0.5 and dop = 0.

The data for NH is generated with three different seeds and similarly for TH. Calculat-
ing x2..e = X>2(NH1— NH?2), which will be approximately twice the number of bins, and
X%alse = x?(IH — NH), the average x? is obtained as < Ax? >=< X?”alse > — <X > -
This yields a value of 0.7. Considering the frequentist approach as described in [4], dis-
tributions of xZ,., and X2, calculated with 10 years of NH data and IH data are also

observed (assuming NH ordering to be true). However, the statistical fluctuations are



too large to make any conclusive statement.

Apart from using the Nuance-oscillated sets, we generated the data without oscil-
lation, and produced oscillated events sets for NH and IH using acceptance-rejection
method. This ensures reduction in the effect of Monte Carlo fluctuations in the pair of
datasets. For an ideal detector, the value of < Ax? > saturates around 50 in 10 years.
We found that in the ICAL detector, the contribution of these muonless events to the de-
termination of v-mass hierarchy is ~1. The results stated donot include marginalisation

of the neutrino oscillation parameters or the systematic errors.

Energy and Direction Estimation of the neutrinos in the muonless events

The NC events have an outgoing v, that carries away a significant fraction of incident E,,.
The v,CC and the shower-like v, CC events also give no scope of “track-reconstruction”.
So, this project provides a solution to estimate the incident values of E, from the ob-
servable characteristics of such events.

A combination of layers and the average hits per layer gives a measure of the energy
of the event. There is a direct correlation between the neutrino energy and the average
hits per layer, when looked at events with particular number of layers hit. The energy
distributions for different bins of these events are studied and the Landau distribution
function is found to provide a good fit. The parameters of the fit can be associated to
the energy of the neutrino. Calibration charts have been prepared to give an estimation

of the energy of the incident neutrino in an NC event, v,CC event or the v,CC event,

+150%

with an error "¢/

. So, given the detector observables of an event, i.e. the number of
hits and layers, we can tell the probable energy value of the incident neutrino for any of
the three types of the muonless events.

Two kinematic variables based on the hit distribution are also defined and are used to
determine the cosine of the polar angle of the neutrino direction (cos). The maximum

horizontal spread of an event and a parameter called “MRatio” (derived from the layer-

wise hits distribution) show significant correlation with the verticality and the up-down



direction of the incident neutrino respectively. Hence, an approximate estimation of the
direction of the incident neutrino can also be obtained. We prepared a reference chart
in 3-dimensions to estimate the possible cos @ of the incident neutrino, by just observing
the hit distribution of the muonless event in the detector.

Applying cuts on the MRatio, we can also select muonless samples rich in up-going
v's with ~70% purity, and 25% efficiency. Cuts on the mazimum horizontal spread can
lead us to obtain a muonless sample rich in vertical (< 65°) v’s to 280% purity and 12%

efficiency.

Project II: Inclusion of GENIE as v-Event Generator for INO

This project primarily aimed at making an INO-user friendly version of the GENIE [5].
However, a number of significant and advantageous options have also been introduced in
this process.

GENIE makes use of the v-flux information in E, and cosf bins (2D). INO flux
tables by HONDA show ¢ dependence also [6]. ICAL makes an angle ~35° w.r.t the
geographical east direction. Therefore, GENIEQINO should include all such directional
informations (3D). So, the GENIE source code is modified and a third option called
FLUKAS3D has been introduced. The 3D flux has been made easily accessible in GENIE,
and hence makes us capable to modify the source code to accomodate any kind of flux-file
formats in GENIE.

ICALQINO is sensitive to v’s with energies greater than 0.5 GeV. Mass hierarchy
discovery potential is large for events with energy of a few GeV. However, the flux at these
energies is rather low. So, optional provision has been created for weighted atmospheric
neutrino generation, which generates a larger number of events at higher energies.

GENIE gives the output in a standard inamicable “.root” format. It has provisions
to convert to customized formats used by a few experiments, but INO requires its own

format. So, a new option is made to get the GENIE output in an exclusive root format



for INO, which can be directly used for simulations.

So far, GENIE has been used to generate a fixed number of v interactions. There was
no effective provision to generate the atmospheric v events for a certain exposure time.
This provision has now been introduced. We can now generate the v-interaction data for
any length of exposure to the atmospheric neutrinos, using any detector geometry.

So, we have introduced the following 4 new options in the GENIE neutrino event

generation, which are available at the GENIEQINO version:
o FLUKAS3D: To include the 3D atmospheric neutrino flux information
o - <energy-weight>: Option for weighted atmospheric event generation
e nu_INOGEN _rootracker: Command to get exclusive INO-customised output

e -¢ <No. of years>: To generate events for a desired exposure time of the detector.

Project 11I: Improving the neutrino mass hierarchy determi-

nation using neutral network

Studies of the hierarchy determination done so far in INO have been using generator
level information. The detector simulations are used only to obtain the look up tables
used for smearing the generator level event numbers |7, 8|. So, we now utilize complete
detector simulation and reconstruction [9] to determine the expected results from the
ICAL. We consider 500 years of ICAL data, generated by NUANCE in the energy range
E,= {0.1,100}GeV, for all types of interactions (CC and NC) of all 3 neutrino flavours
(Ve, Uey Yy, Uy, Vr, Uy), followed by GEANT4 simulations. We use 5 different sets: 1
NOOSC (without oscillation), 3 NH with different seeds and 1 TH dataset. The oscillation
parameters used are mentioned in chapter 6.

The signature for the neutrino mass hierarchy comes mostly from the high energy

vertical neutrinos (“signal events”). An initial layer cut rules out most of the non-,CC



background. The low energy and horizontal v,CC events still form a large fraction of the
retained data sample. They result in adding spurious contribution to Ax?. We employ
methods of multi-variate analysis to select the signal events. We finally choose to use
the adaptive neural network present in the ROOT, after optimisation of various methods
and parameters.

This requires effective characterization of input variables for telling apart the signal
from the background. We primarily define our signal events to be the v,CC events with
E, > 4 GeV and |cos#| >0.5, for the aid of choosing our selection parameters. After a

thorough study of several variables, we choose the following observables.
e Hits or/and layers distinguish the low energy from the high energy range v events.

e The mazimum horizontal spread of the event distinguishes the horizontal high en-

ergy events from the rest.

e The high energy vertical v,CC events contain significantly larger number of singlets
than the low energy or horizontal events. “Singlets” is the number of layers in an

event with just one or single hit.

e A set of three consecutive layers in an event with a single hit is referred to as a
triplet. A muon track containing event is expected to contain more triplets than a

horizontal v,CC event.

Neural network analysis is employed with these parameters as inputs, to separate the
signal events from all other events with good efficiency and good purity. The NOOSC
set is used for the training of the neural network. The 3 NH and the 1 TH dataset are
used for the analysis by applying the trained neural network on them. The trained neural
network assigns a value or probability ( 0:bkg. —— 1:signal ) to each of these events.
The effect of the neural network application on one of the dataset is shown as follows.
The signal and background event numbers of the NH dataset with seed 1 are listed in

Table 3. The effect of application of the neural network is shown in Table 4.



Total Total
signal events | bkg. events
~1.2x10° ~6.3x10°

Table 3: Signal and background events in 500 years of NH dataset (generated with seed
1) in E,={0.1,100} GeV, with the preliminary cut of Layers>5.

Probability > | 0.55 0.6 0.65 0.7
#signal-evts | 78880 | 74926 | 71202 | 67294
#bkg-evts 34196 | 27510 | 22010 | 17493

Efficiency % 66 62 59 56

Purity % 70 73 76 79

Table 4: Effect of the neural network probability cuts on the signal and background
events of the NH dataset (generated with seed 1).

Putting a cut on the probability, we obtain a signal rich sample with optimum signal
selection efficiency and signal purity. These selected events are binned in the recon-
structed E,, and cos, [10]. The Ax? is then calculated by a method similar to the
one mentioned in Project I. We find that a binning scheme with different binwidths
(optimized) extracts significant hierarchy information from the events.

Some hierarchy discrimination is present in the events with lower energy and smaller
| cosB,| than that of our initially defined “signal”. So, we optimize over the definition
of the “signal” events, so as to include all possible matter effects present in the data.
We find that v,CC events with E, > 2 GeV and |cos#| >0.2 give the highest hierarchy
sensitivity. The hierarchy sensitivity, calculated from these selected events, reaches a 3o
level, with a Ax? of 9. The marginalisation and systematic errors are not included in
this value.

This project aimed at the determination of the effective selection parameters, and
the preliminary estimation of how the application of neural network will improve the
mass hierarchy sensitivity of the ICAL detector. The effect of marginalisation of the
neutrino oscillation parameters on the neural network selected sample has been checked
as follows. We considered the events sample without oscillation and then subjected them

to oscillation followed by accept-reject method [11] to produce the NH and IH sets of



data. The neutrino parameters for this calculations are chosen to be the same those in
the INO white paper [11]. We chose sin? §13 = 0.022 (£ 5.3%), sin?fa3 = 0.5 (£ 8.7%)
and |Amsz| = 2,47 x1073 (£ 2.0%) eV2. For fixed values of parameters, we obtain a
Ax? of 10. We have chosen a thousand random sets of values for sin? 3, sin® fa3 and
|Amgf | within their £30 ranges to study the effect of marginalization. In computing
the marginalized Ax? we have added the priors for each of the neutrino parameters.
Marginalization has negligible effect on Ax?2, lowering it from 10 to 9, which becomes

10 again on addition of the prior. Inclusion of the errors due to systematic uncertainties

reduces the Ax? from 10 to 8, but becomes 9.5 on addition of the prior.

Conclusion

The events containing muon tracks as well as the muonless events both comprise impor-
tant sets of data available from the ICAL detector.

The muonless events can be processed to obtain a data sample rich in v,CC interac-
tions. With the application of appropriate selection criteria of different types, the purity
of the v,CC sample can vary from 56% (with a selection efficiency of 60%) to 68% (with
a selection efficiency of 3%). The sample size and the fraction of vertical events decrease
with increase in the purity of the sample. Therefore, the different selection criteria devised
can be used to extract a v,CC events sample in accordance to one’s priority/requirement
of a better purity, a larger sample size, or a larger fraction of v,CC events in the vertical
cone. The contribution of the muonless events to determining mass hierarchy has been
found to be ~1 in 10 years. We also produced calibration charts to estimate the energy
and direction of the incident neutrinos in the 1, CC interactions, the NC interactions or
the low energy /horizontal v,CC events, i.e. all three types of the muonless events. This
will aid an observer to tell the probable energy and direction of the neutrino seen at the
ICAL, even though it contains no track.

The neutrino event generator is a vital component in the simulation studies of a

10



neutrino experiment. So far, Nuance has been used to generate neutrino interactions for
INO simulations. However, Nuance being no more updated, INO has chosen to adopt
GENIE as the neutrino event generator. This required us not only to make an INO-user
friendly version of GENIE, but also led us to include four new options in the GENIE
code, three of which may also be used for any other atmospheric neutrino experiments.

The events containing muon track are the primary signal events of ICAL. Major
contribution to determining the neutrino mass hierarchy comes from these events. We
employed the technique of neural network analysis to improve the hierarchy sensitivity
of the ICAL. This not only gave us the ability to effectively choose v,CC events in
the energy range >2 GeV in the vertical cone but also led to obtaining a 3¢ hierarchy
sensitivity, i.e. Ax? of 10 in 10 years at ICAL. This value reduces to 9.5, on including

the marginalisation and the systematic uncertainties.
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Introduction

In this chapter, we like to remind the reader of some fundamental properties of the
neutrino, and the experimental endeavour made so far to newly unravel and establish our
understandings of this ellusive particle. We discuss the different types of interactions, the
oscillation phenomenon, and how the neutrinos from various sources led us to determining
the different parameters of the neutrino oscillation, concluded by a glance at the ongoing

experiments.

1.1 Neutrinos

Neutrino, the light, weakly-interacting neutral spin-half particle was proposed by Wolf-
gang Pauli in 1930 to explain the continuous energy spectrum of electrons in beta decays.
Experimental evidence for it was obtained by Reines and Cowan in 1956 [12]. They dis-
covered the existence of neutrino by observing the reactor anti-neutrinos causing the
inverse beta decay reaction p+ 7, — n +e™.

Neutrinos (v), the second-most abundant particles in the universe after the photon,
are so far known to exist in three species (or flavours) called the electron neutrino (v,),

the muon neutrino (v,) and the tau neutrino (v;), and their corresponding antiparticles.
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Chapter 1. Introduction

1.2 Neutrino Interactions

Neutrinos are weakly interacting particles, i.e. they interact only via W+ and Z° bosons.
Interactions involving the exchange of a Z° boson are called neutral current interactions
and those with the W* boson exchange are called charged current interactions. The
masses of the W* and the Z° being quite large 80 GeV and 91 GeV respectively, compared
to other intermediating particles like photons or gluons, the “weak interactions” have a

very small probability of occurence [13].

1.2.1 Charged Current Interactions

Charged current interactions (CC) are mediated by the charged boson. In neutrino-
nucleon scattering, neutrinos exchange charge with the nucleon and turn into charged
leptons. Figure 1.1 shows Feynman diagrams of the CC elastic and CC 1-m produc-
tion reaction for v,. In an experiment, CC interactions can be distinguished from NC

interactions by finding charged leptons in the final state.

1 I yzi

A
A

n p A+ p

Figure 1.1: Feynman diagrams of CC quasi-elastic and CC 1-m production reaction for

vy, [13].
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1.2.2 Deep Inelastic Scattering

When a high energy neutrino interacts with the nucleons, the partons or the quarks
interact too, to give rise to one or more hadrons as the product particles, apart from
the lepton, as in figure 1.2. Interaction possibilities mediated by W* were known. The
observation of absence of the charged lepton finally led to the possibility of the neutral

current interactions [14, 15].

1(k) 1K)
\/ ) i il
\ \/
\\ Zf .;( ) i
S \ Wg)
A (2p+q) \ Ged)
\ @]
(ep) (ap)
N(p) N(p)

Figure 1.2: Feynman diagrams of Deep Inelastic Scattering of neutrinos [16].

1.2.3 Neutral Current Interactions

The existence of neutrino neutral current interaction (NC) was first observed in 1973
by the Gargamelle bubble chamber at CERN [17]. They observed NC deep-inelastic
scattering v+ N — v+ X. Later experiments also observed the electron elastic scattering
v+e~ —v+e” using v, and 7, [18].

Unlike CC interactions, there is no charged lepton in final state. NC events have only
hadrons or their decay particles in final state. Figure 1.3 shows Feynman diagrams of

NC elastic and 7 production via A° resonance [13].
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Figure 1.3: Feynman diagrams NC elastic and 7° production via A® resonance [13].

1.3 Neutrino Mass and Oscillations

According to the Standard Model (SM), the masses of fermions result from the Higgs
mechanism through the Yukawa coupling of the fermion fields with the Higgs doublet.
In this regard, a fermion mass term must involve a coupling of the left-handed and the
right-handed fields. So, the SM neutrinos are massless, because their fields do not have a
right-handed component. However, if right handed neutrino field is introduced into the
theory, it is possible for neutrinos to have mass through the Yukawa couplings to the
Higgs doublet.

Nevertheless, neutrino experiments have firmly established the phenomenon of neu-
trino oscillations.

Neutrino oscillations is a phenomenon which occurs as a result of the mixing of neu-
trino flavour and mass states. The neutrinos can be looked upon as possessing two
independent sets of eigenspaces: the mass eigenstates and the visible flavor or weak

eigenstates (figure 1.4).
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Figure 1.4: The three mixing angles that characterize the orientation of the flavor axes

with respect to mass axes [19].

These two non-identical spaces are interrelated by the unitary mixing matrix U called

the Pontecorvo-Maki-Nakagawa-Sakata matrix, Uppsns, defined as follows.

Ve 141
vu| =UpPunNs |1y (1.1)
vy V3
1 0 0 C13 0 8136_i60P C12 s12 0
UPJMNS = 0 C23 5923 0 1 0 —S812 C12 0 (1-2)
0 —s93 co3 —8136i50P 0 C13 0 0 1
Atmospheric(f23~45°) Reactor(613~9°) Solar(9‘1r2~33°)

where ¢;; = cos0;; and s;; = sinf);;. Here, 0;; refers to three mixing angles 612, 13 and
f23. dop is the CP violating phase.

The mixing matrix of the 3-generations of the neutrinos is parametrized by 3 angles
and 6 phases. As in Kobayashi-Maskawa mechanism [? |, five of these phases can be
pulled out and absorbed into fermion fields. They do not affect oscillation probabilities.

Only the sixth imbedded phase dop has a physical consequence and leads to CPV in
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neutrino oscillation.

1.3.1 Oscillations In Vacuum

The theory of neutrino oscillations was first proposed by Pontecorvo, and the model
of neutrino oscillations of the active flavors was built by Maki, Nakagawa and Sakata
[20, 21]. We first discuss how this phenomenon of neutrino oscillation works in free space
or in vacuum [22, 23|.

As briefly stated above, the weak eigenstates or the flavor states are not pure mass

eigenstates. As from eqn. 1.1, we can write,

’Voz> = ZUai|Vi>‘ (13)

The time evolution of the state is given by
Valt)) = 3 Unie Py, (1.4)
i

where, E; is the energy eigenvalue E; = 4/ p? + m?, corresponding to the vacuum propa-
gation hamiltonian Hg.

The amplitude of transition from one flavor state v, to vg is given by

Apoy (1) = (walva(t)) = Y Uaille Bt (1.5)
Hence the probability of oscillating from the flavour state v, to vg is

Pl/oz*ﬂ/ﬁ (t) = ‘Auaﬂw (t)|2 = Z UaiUﬁ*iUgckUﬁke_i(Ei_Ek)t' (1'6)
i,k

Eqn. 1.6 is looked upon in two different ways: (i) if the flavour v, = v, then it is called

the survival probability and (ii) if vo # v, then it is known as the oscillation probability.
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Using the mixing matrix in eqn. 1.1, the oscillation probability can be written as follows

Praoy =g —4 %0 Re |Unil U Use| sin? (2

12 Y I [UaUg Uy U] sim (2555 ) (1.7)

Assuming CPT invariance, the oscillation probability expression for the anti-neutrinos is

given by

T Am2 L
Pray = 0o —A% oy Re [UgUpilUakUs, | sin? (255

423, Im [U;;iUmUakng] “in (AgzékL) | L

Transforming into natural units, we get

Am?kL
4F

R~ 1.27Am?k(eV2)EL((GkZ/)). (1.9)

The eqn.s 1.7 and 1.8 clearly show that the existence of neutrino oscillations must re-
quire non-zero and non-degenerate neutrino masses. Also, observing the oscillation phe-
nomenon will fetch us only the neutrino mass squared difference, Amfk, and not the
absolute neutrino mass, m;. The eqn.s 1.7, 1.8 and 1.9 specify the sensitivity of an ex-
periment, when it receives neutrinos with energy E (GeV) and of pathlength L (km) in
the following vicinity of the neutrino mass squared difference:

Am? (eV?)L(km)
E(GeV)

~ 1. (1.10)

The real parts of eqn.s 1.7 and 1.8 are the CP invariant terms. But for the imaginary

parts, the CP asymmetry can be read as:

. ... [(Am3L
Pyysvy = Proiy =4 ImlULUsiUar U] sin ( 25 ) : (1.11)
i>k
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To get an approximate picture of how the probability expressions look, we use one mass
squared dominance (OMSD) approximation to simplify the above equations. The OMSD
approximation is good enough for a reasonably large range of energies and baselines.
Following eqn. 1.7, the probabilities P,, and P, in vacuum are given by the following

expressions [11, 24] .

PY = 1 —sin2fyysin? 26,3 sin2 (1.27””T§1L)
— cos® 015 sin? 2093 sin? (1.277A”§1L> 7 (1.12)
Am3, L
P2, = sin® f sin® 26,3 sin? (1.27”?) . (1.13)

1.3.2 Oscillations In Matter

When neutrinos propagate through matter, the probabilities can be modified significantly
due to the so-called matter effect. The neutrinos undergo coherent forward scattering
with the electrons, protons and neutrons, present in the matter [25]. The potential due to
this scattering modifies the propagation hamiltonian term and hence affects the mixing
of the neutrinos. Thus the oscillation probability gets modified in case of neutrinos
propagating in matter compared to that in vacuum.

This phenomenon of altering the neutrino flavour while propagation in matter was
formulated by Mikhaev, Smirnov and Wolfenstein (MSW) [26, 27]. The v.s have both
charged current and neutral current elastic scattering interactions with electrons. The
v, and the v; have only neutral current interactions with electron.

So the Earth’s matter potential must be considered due to the forward scattering

amplitude of charged current v, interactions with electrons.

vy + (e,p,n) — vy + (e,p,n) ie. NC (v =e,pu,7) (1.14)

21



Chapter 1. Introduction

Vet+e —ve+e ide CCand NC. (1.15)

The additional CC interaction in eqn. 1.15 accounts for an extra potential Voo, The
potential Vo due to the NC interactions is experienced by all three flavours. The
effective potentials are,

Voo = V2Grne, (1.16)

1
Ve = ———=Grnp, (1.17)

V2

where n, and n,, are the number densities of electrons and neutrons (or protons), respec-

tively. G is the Fermi coupling constant. Therefore, the new hamiltonian is

Hp, = Hy+V; (1.18)
where Vy is
Vee+ Ve 0O 0
i=l 0 e o (1.19)
0 0 Vnco

The matter Hamiltonian is diagonalized, and its normalized eigenvectors form the modi-
fied matter mixing matrix. We can thus compute the effective masses and mixing angles
in matter. In OMSD approximation, the (Am3,;)™ and the (613)™ can be related to their

vacuum equivalents as follows

(Am3)™ = \/(Am3, cos 2013 — A)2 + (Am3, sin 20;5)?, (1.20)

Am%l sin 2613

sin 2675 = . (1.21)
V/(Am2, cos 2013 — A)2 + (Am3, sin 20;3)2
where,
A =2EVgo = 0.76 x 10~ p(g/cc) E(GeV). (1.22)
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The probabilities P,, and P, in matter are given by

[ Am2, + A+ (Am2,)™\ L
P,:Z =1 —cos?07} sin? 2095  sin’ 1.27( 31 5 ( 31) 5
[ Am2 + A — (Am2)™\ L
~sin® 07 sin? 2003 sin? | 1.27 [ —st (Am3,)" ) L
2 E
4 2 m c 2 [ 2 \m L
—sin O3 8in® 26074 sin® | 1.27 (Amg,) E}’ (1.23)
mo_ 2 2 am e 2 9 ym L
Pt = sin® Gz sin” 073 sin [1.27 (Amg3,) E] (1.24)

These expressions are insensitive to dcp as a consequence of OMSD. CP violations can
be observed only in those experiments which are sensitive to oscillations driven by both
Am3; and Am3;.

Taking negative sign for Am%, gives the probabilities for the inverted neutrino mass
hierarchy (to be discussed in section 1.4.3). Replacing A — —A in eqn. 1.23 and 1.24

gives the anti neutrino oscillation probabilities.

1.4 Neutrino Sources

The neutrinos come from a numerous different sources, both natural and artificial, with
their energy varying over a wide range. The abundance of neutrinos can be estimated

from the long list of its sources vs. the energy spectrum in figure 1.5.
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Figure 1.5: The neutrino energy spectrum from different sources [28].

The neutrinos in the energy range of ueV and meV are of cosmological origin, or the
so-called “relic” neutrinos, having emanated from the big-bang nucleosynthesis [29]. The
neutrinos from the sun [30], the supernovae, the nuclear reactors or the earth [31, 32]
belong to the energy ranges of keV-MeV. The atmospheric neutrinos which are products
of the cosmic ray interactions in the atmosphere cover the range of the MeV-TeVs. The
neutrinos from the supernova remnants, Gamma Ray Bursts or Active Galactic Nuclei
(AGN) or from interactions of ultra-energetic protons with the CMB [33] cover the higher
ranges on the energy scale.

For energies less than TeV, neutrinos have very low cross section of interaction. Some

of the sources being studied are discussed in the following subsections.

1.4.1 Solar Neutrinos

The sun is the most copious source of the electron neutrinos. The Standard Solar Model

(SSM) predicts that most of the flux comes from the pp interaction neutrinos and the
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CNO (Carbon Nitrogen Oxygen) cycle [34]. The underlying mechanism is basically the

exothermal thermonuclear fusion reaction, shown below.
4p — 4He + 2e™ 4 2v,. (1.25)

There are other processes too as shown in figure 1.6. The electron neutrinos produced
at the core of the sun and detected on earth serve as a direct telescope to observe the

solar-core-phenomena.

100

100 F"/___p:} g Bahecall-Serenelli 2005 1

1

Neutrino Spectrum (:1g) o

Neutrino Energy in MeV

Figure 1.6: The various reaction channels for solar neutrinos [35].

Ray Davis’ Homestake experiment [36] was the first to observe the solar neutrinos

through the Chlorine-Argon interaction.

Ve 437 ClL =37 Ar + e, (1.26)

However, they saw only one-third of the solar v.s predicted by the SSM. This dis-
crepancy was known as the Solar Neutrino Problem. They had no directional or energy

information. The three gallium solar neutrino experiments: GALLEX/GNO (37, 38, 39|
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and SAGE [40, 41| detected solar neutrinos through the following reaction,

ve+1 Ga - Ge+e™. (1.27)

Owing to the lower energy threshold solar neutrinos from all the sources of SSM were
detected. The solar neutrino anomaly showed its persistence in all three of them. The
Super-Kamiokande and SNO experiments provided important information about the solar
neutrinos in the higher energy part.

The Super-Kamiokande [42] could reconstruct the approximate direction of the elec-
tron, and confirmed the above discrepancy in solar data.

The anomaly was finally settled, when SNO [43] detected the solar neutrinos in mul-
tiple neutrino interaction channels. SNO was able to detect neutrinos via three different
interactions: ES (elastic scattering), CC and NC. The count of the neutral current inter-
actions was the most important one to establish the neutrino oscillation from the v, to
v, /vy flavor.

The solar neutrino experiments and the KamLAND [44] found the 612 to be ~33°

and |Am3;| ~ 7.9x107%eV2.!

1.4.2 Atmospheric Neutrinos

The atmosphere is perpetually exposed to a shower of cosmic rays. Primary cosmic rays
are high energy particles arriving on the earth from galactic and extragalactic sources.
These are composed of protons (~87%), alpha particles (~11%) and heavier nuclei (~2%).
When cosmic rays enter the atmosphere, interactions with the nuclei in the air molecules
produce secondary particles [45]. Mostly pions are produced, but kaons are also observed

in the higher energy range. The energy spectrum follows the following power law:

N(E)dE < E~"dE, (1.28)

!'For the current updated/accepted values of the oscillation parameters with the uncertainties on their
central values, please refer to table 1.1.
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where v ~ 2.7 for sub-TeV range and 3 beyond it. The atmospheric neutrinos are created
during the decay of the produced pions and kaons and the following muons during flight,

as given by the following interactions,

) M+(_) + 7,(), (1.29)

() — e 4+ 7, (v). (1.30)

Kaon also decays in a similar fashion and gives the two neutrino types, but their con-
tribution to the atmospheric neutrino flux (in the range of ~ few GeV) is small compared
to the pions. Thus the fluxes of atmospheric v, and v, are produced. Production of v,
requires mesons with heavier quark masses and hence their numbers are too small and
can be neglected.

The neutrino fluxes on the earth’s surface thus follows the ratio:

() + @(7)

"= 50 T o)

R 2,

where @ is the flux of neutrinos. The value of the ratio increases with energy, as muons
at high energies reach the surface of the earth, before decaying.

The detector acceptance for electrons and muons being different, this ratio R cannot
be directly measured. So, experiments quote this aspect in terms of the double-ratio Rg

defined as,
Ry — (N,u/Ne)data
0=
(N/L/Ne)ezpected

The flux normalisation uncertainties which is about 20% and the detector systematics
can thus be done away with. Ry will be unity if the experiment observes the same flavor
composition as predicted. Thus, any deviation of this value from unity predicts the
unknown neutrino interactions.

The atmospheric neutrino flux is symmetric about a given direction on the surface of
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the Farth, that is

®,(E,cos0) = P,(F,—cosb)

where 0 is the zenith angle. At energy ranges lower than 3 GeV, the geomagnetic effects
result in deviations from this equality. At higher energies, any asymmetry in the fluxes
of the upgoing and downgoing neutrinos is attributed to the neutrino oscillation. Large
deviations at lower energies, are also caused by the neutrino oscillations. Hence, this
up-down agsymmetry is also an evidence of atmospheric neutrino oscillations.

The Irvine-Michigan-Brookhaven (IMB) [46, 47] and the Kamiokande [48, 49] ob-
served this ratio Ry in the atmospheric neutrinos to be less than one. They were water
Cherenkov detectors, which initially aimed to study proton decay, but soon found their
so-called “main background”, the atmospheric neutrinos taking the front-dias. This Atmo-
spheric Neutrino Anomaly thus invited several other atmospheric neutrino experiments.
The iron calorimeters at NUSEX [50] and Frejus [51] could not see this anomaly, as
they collected a very small data sample. However, Soudan2 [52, 53] which also used
the iron tracking calorimeter, recorded the flavor ratio to be less than one. The Super
Kamiokande [42] finally collected the data with a very large statistics with 92 kton-yr
exposure, in about 2 yrs. The significant disappearance of the muon neutrinos at the
Super-Kamiokande finally confirmed the existence of neutrino oscillations, v, — v, dom-
inantly [54, 55|. The asymmetry in the zenith angle distributions were also noted by
the Kamiokande, Soudan2 and the liquid scintillators at MACRO [56]. The allowed re-
gion of Am? and sin? 26 is shown in figure 1.7. Two long-baseline accelerator neutrino
experiments, the K2K [57, 58] and the MINOS [59] also confirmed the results from the

atmospheric neutrino experiments.
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Figure 1.7: The allowed regions of Am? and sin?20 shown for the v, — v, channel

[55, 57, 59, 60].

1.4.3 Accelerator Neutrinos

Large scale neutrino interactions, which can be obtained by man-made neutrino sources
provide for detailed investigations of the neutrino oscillation phenomenon. A num-
ber of long-baseline accelerator-based experiments were launched to confirm the v,-
disappearance and the v -appearance. The latter is subjected to lower statistics, owing
to the 7 production threshold of 3.5 GeV and its detection efficiency.

When high energy proton beams strike the heavy nuclear target in the accelerators,
beams of pions and kaons are produced, which eventually decay to give rise to the neu-
trinos. An approximate control is obtained on the neutrino energy and type, by selecting
and manipulating the kinematic properties of the /K beams. Such neutrino sources are
used at the Brookhaven, CERN, Fermilab etc.

Typically v,s or s are produced at the accelerators. However, the beam gets con-
taminated due to a certain fraction of the kaons decaying into v, and #,. There are long

shields to absorb the non-decaying mesons and the charged muons, to let the neutrino
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beam emerge. A near detector or the short-baseline experiment mainly normalises the
flux of the neutrinos, while the farther one or the long-baseline experiment inspects the
oscillation characteristics. The K2K [61] was the first long-baseline accelerator based
neutrino experiment using a neutrino beam of an average energy of 1.4 GeV, peaking
at 1 GeV. Thus, it observed the v, — v, appearance too, in addition to the general
v, disappearance. The MINOS [59] experiment uses an almost pure v, beam produced
by hadron decays. The ICARUS [62, 63] and the OPERA [64, 65] experiments at the
Gran Sasso Laboratory, searched for oscillation in the neutrinos from the CERN, i.e. the
CNGS neutrino beam.

The values of fa3 and |Am32,| measured by the atmospheric [66] and the long-baseline
accelerator |67, 68] experiments are consistent with each other and indicate maximal
mixing. They found the mixing angle f23 ~45° and the mass squared difference |Am3,|
to be ~ 2.6 x 107%eV2. 2

As explained in the earlier sections, the three flavours mix to form three non-degenerate

mass eigenstates with masses mi, ms and ms. We get two independent mass-squared dif-

2

solar

2

ferences Am3;, = m3 —m? = Am and Am3, = m3 —m} = Am2,,. Solar and

atmospheric neutrino data indicate that Am2, —~ 0.03Am2,,. Hence the third mass-
squared difference Am3, = Am3, — Am3, is approximately equal to Am3;. The energy
dependence of the solar neutrino survival probability requires Am3; to be positive but
there is no experimental information on the sign of Am%l. Thus two very different pat-

terns of neutrino masses are allowed: m; < mg < mg called normal hierarchy (NH) and

ms < my < my called the inverted hierarchy (IH), shown in figure 1.8.

2For the current updated/accepted values of the oscillation parameters with the uncertainties on their
central values, please refer to table 1.1.
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Figure 1.8: The neutrino mass hierarchy: normal ordering and the inverted ordering [19].

1.4.4 Reactor Neutrinos

The importance of reactor neutrinos dates back to the discovery of Reines and Cowan.The
fission reactions of the neutron rich heavy nuclei like the 235U, 238(7, 239 Py, 241 Py, etc.
comprise of (-decays, which produce anti-neutrinos (7.). Neutrinos produced in the
nuclear reactors derive their energy from these fission reactions. The energy of these v,s
should thus vary in the range of a few MeVs, mostly around 2-3 MeV but with significant
tail till about 8 MeV. A typical power reactor core bears about 3GWth of thermal power
and the typical 7, flux generated is ~6x102° per core per second [69]. Nuclear reactors
provide an excellent scope to observe the appearance and disappearance of the U, and
thus study their oscillation.

The KamLAND experiment [70, 71, 72| in the 2000s showed the oscillation property
in the reactor neutrinos at a baseline of ~180km.

Two reactor experiments with their baselines ~1km, CHOOZ |73| and PALO VERDE
[74] were constructed in the 1990s to measure ;3. The CHOOZ was built 1050m away

from the two reactors at the CHOOZ power plant. PALO VERDE had its detectors at
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750, 890 and 890m away from the reactors of Palo Verde Nuclear Generating Station.
Both their data could only set an upper limit on the value of 6;3.

So, there was a need for the second generation of experiments to measure the 613.
This next generation of reactor experiments, Daya Bay [75], RENO [76] and Double
Chooz [77, 78] finally measured the value of 613 to be ~8.9°. This high (with respect to
the expectations of the physics community) value of the “reactor mixing angle” enhances
the ability to determine the neutrino mass hierarchy and restores the hope of measuring

dcp too.

1.5 Study of the atmospheric neutrinos

An atmospheric neutrino detector is placed on (or just below) the Earth’s surface. Dis-
tances travelled by the neutrinos detected in these experiments thus vary from 15 km for
the downgoing neutrinos to ~12,000 km for neutrinos travelling through the earth, after
being produced in the atmospheric interactions. The atmospheric neutrino flux spans a
wide energy range from hundreds of MeV to TeV and beyond. This enables us to study
neutrinos with widely varying pathlengths, or L/E.

Till the present day, there have been effectively two types of atmospheric neutrino de-
tectors - water Cerenkov detectors and tracking calorimeters. This research work relates

to the latter type, as in Iron Calorimeter detector, described in chapter 2.

1.6 Current Research in Neutrino physics

A systematic program of experiments with both natural [41, 39, 42, 43] and man made
sources [44, 59, 78, 75, 76, 79, 80] have led to a wealth of data on neutrino oscillation
parameters. A three flavour oscillation fit to all the data gives the following values for

these parameters, as in table 1.1.
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v-oscillation parameters | Best fit values 3o-range
Amj3; in 107%eV? 7.60 7.11-8.18
Am3; (NH) in 10~ 3eV? 2.48 2.30-2.65
Am3; (TH) in 10~3eV? 2.38 2.20-2.54
sin? 615 0.323 0.278-0.375
sin 03 (NH) 0.567 0.392-0.643
sin? o3 (IH) 0.573 0.403-0.640
sin® 015 (NH) 0.0234 0.0177-0.0294
sin? 613 (IH) 0.0240 0.0183-0.0297
dcp/m (NH) 1.34 0.0-2.0
Scp/m (TH) 1.48 0.0-2.0

Table 1.1: Best fit results and the 3o-range of the global 3v oscillations, as from the

reference [81]

The following questions still remain unanswered in the neutrino oscillation studies:
e What is the pattern of neutrino masses? Is the true hierarchy normal or inverted?
e What is the octant of the angle 0237 Is it < 45° or > 45°7

e Most importantly, is there CP violation in the neutrino sector?

A number of experiments are currently running [79, 80, 82] or being planned [83, 84, 85,
86, 87, 88] to address these issues. Among the current experiments, NOvA experiment can
determine the hierarchy for the following two favorable combinations: (i) the hierarchy
is normal and Jcop is in the lower half-plane or (ii) the hierarchy is inverted and d¢p is in
the upper half-plane. If nature chooses one of the other two combinations, then NOvA
has no hierarchy sensitivity [89, 90]. Present data shows a slight preference for normal

hierarchy and dcp in the lower half-plane [79, 91].
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1.7 Organisation of this report

The research works in this report involve the study of atmospheric neutrino interactions
in the ICAL detector at the India-based Neutrino Observatory (INO). So, we give a short
description of the detector in chapter 2 and attempt to give a brief outline of the different
softwares used for this study in chapter 3. The actual research work done is contained in
the following 3 chapters.

There have been three major project topics covered in my research, and are:

e “Study of muonless® events in ICAL@INO”: This comprises of three sub-projects,

which are as follows,

— Obtaining a v, CC rich events sample
— Contribution of the muonless events in determining neutrino mass hierarchy

— Energy and direction estimation of the incident neutrinos in the muonless

events
e Incorporation of GENIE as the neutrino event generator for ICAL
e Improving the mass hierarchy sensitivity of ICAL using neural network analysis

Finally, chapter 7 summarises the entire research work done.

3muonless event can be roughly understood as trackless event or a shower-like event.
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The Tron-CALorimeter or the ICAL is the main detector to be set up at INO (India-
based Neutrino Observatory). It is a giant magnetized neutrino detector for studying
the atmospheric neutrino interactions. The present study is based on the ICAL detector.
So, it is necessary for the reader to have a clear picture about the structure and the
various salient features of the detector. This chapter aims to describe the complete
structure of the ICAL detector, starting from the details of the active detector element,
the implementation of the magnetic field, and includes brief description of the electronic

readouts and the gas compostion in the detector.

2.1 The India-based Neutrino Observatory

India-based Neutrino Observatory or the INO, is an upcoming experimental facility in the
Theni district of the state of Tamilnadu in Southern India. The Observatory will be set up
under Bodi West Hills (figure 2.1), ensuring ~1 km of rock covering in all directions. This
reduces the background due to the cosmic ray muons for the experiments. A comparison
of this background reduction with respect to other underground experiments is shown in

figure 2.2.
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The INO cavern will be accessible through a ~1.9 km long tunnel. One large and
three small laboratory caverns are to be built. The important component of INO will
be the Iron Calorimeter (ICAL). However, INO will also facilitate experiments like the
Neutrino-less Double Beta Decay (NDBD), direct dark matter search experiments, low
energy neutrino spectroscopy, etc. The largest cavern, that will house the main iron
calorimeter detector (ICAL), is 132 m (L)x26 m (W)x32.5 m (H). This cavern is called

“UG-Lab 17, as shown in the schematic sketch in figure 2.3.
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Figure 2.3: A Schematic Sketch of the INO cavern. [11]

2.2 Physics Prospects of the ICALQINO

ICAL is mainly equipped to study the tracks of the muons from the charged current
interactions of the v, /,s. The ability of the ICAL to tell apart the T and the p~, i.e.
the v, and the v, gives it the advantage of studying the matter effects on the atmospheric
neutrinos. Therefore it is most well suited to determine the neutrino mass ordering. ICAL
can observe neutrinos with varying baselines from ~10-10000 km. So, ICAL will be able
to observe the oscillation pattern and measure the atmospheric oscillation parameters

quite precisely.

2.3 The ICAL Detector

ICAL comprises of three modules, with ~30,000 RPCs, and 151 iron layers weighing
about 50 ktons in total. A sketch of ICAL is shown in figure 2.4. Each module contains

8 x 8 RPCs in a layer, each of which spans a surface of 1.84 m x 1.84 m and is 2.5 cm
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in width (height) [10]. The ICAL detector will have a total dimension 48 m x 16 mx 16
m. The iron plates will be 5.6 cm thick. The iron layers are set apart from one another
by 4 ¢cm gaps. The active detector elements, i.e. the resistive plate chambers (RPCs)
[92, 93, 94] are placed in these gaps. The steel structures placed every 2 m on both X

and Y sides, support the iron plates and the RPCs.

Figure 2.4: A Schematic Sketch of the INO Detector. [83]

2.3.1 Resistive Plate Chambers or RPCs

RPCs have a good charged particle detection efficiency of ~ 90-95%. This allows the
determination of the X and Y coordinates of the track of the charged particles passing
through the RPC. The layer number of the RPC gives the Z coordinate. RPCs give a time
resolution of ~1 ns. This helps to distinguish between the upward and the downward-
going particles.

Every RPC unit (figure 2.5) is made up of a pair of 3 mm thick glass plates of area
around 2 m x 2 m. The glass plates of an RPC are held apart by 2 mm spacers. The
glass plates are coated with graphite (mixed with an adhesive) on the outer side. A
high voltage of about 10 kV is applied across the two faces of the chamber and operated

in avalanche mode. Copper strips are placed on either sides of the RPC, orthogonal to
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each other. Any charged particle, passing through the RPCs, will ionise the gas in the
chamber and these signals will be picked up by the X and Y copper strips as shown in

figure 2.6.

: IRON Layer
a Two 3mm thick float glasses
/ i Separated by 2mm spacers

_____________ k/)(-strips

Pickup strips Glass plates

Spacers Y-strips

Graphite coating on the outer surfaces of glasses

Figure 2.6: A Schematic diagram of the detec-

Figure 2.5: Structure of an RPC. [83] tor unit: RPC and an iron layer.

2.3.2 The ICAL magnet

The iron layers not only serve as the heavy target for the neutrinos but also carry the
solenoidal magnetic field in the detector [95]. The neutrinos produce charged/neutral
particles during interactions, which propagate through the detector. The iron layers
are magnetised to ~1.3 T. The simulated mapping of the horizontal projection of the
magnetic field and in the vertical plane are shown in figures 2.7 and 2.8 respectively.
There will be two vertical slots cut into the module for the winding of the current-
carrying copper coils as shown in figure 2.7 [95]. The bending of charged particles not
only helps in the identification of their charge, but also in measuring the momenta of the
particles. The p~/ut tracks can thus be identified and reconstructed to get the muon

momenta, besides identifying a v, event from a 7, event.

39



Chapter 2. The ICALQINO

Figure 2.8: Magnetic map of a single

Figure 2.7: Horizontal projection of the mag- module.[95]

netic field.[95]

2.3.3 The ICAL electronic readouts

The X-Y signal strips map the points of interactions in a RPC detector. The aim is to
generate a trigger signal according to hits on the pick-up strips, to record the pattern of
hits, the timing etc. i.e. to receive and convert the detector signals into our useful or
readable information. The DAQ system includes the Front end electronics, the Back end
electronics and finally the computer-interface.

The typical signal range on the strips across a 502 load is 0.5 - 2 mV. They have a
rise time of about 1 ns and hence need a high speed, low noise pre-amplification before
these RPC strip signals can be further processed by the front-end electronics.

The preamplified RPC strip signals are fed to Analog Front End (AFE) boards.
One of the main functions of the AFE board is to convert these amplified analog RPC
pulses into logic signals by using low threshold discriminator circuits. The AFE boards
also incorporate a primitive trigger logic on board, where discriminator outputs of four
channels are shaped to 50 ns pulses and logically ORed to generate level-0 trigger signals.

The discriminator signals from the AFE boards are further processed by Digital Front
End (DFE) electronics, which mainly consists of three sections - event data readout,

monitoring and level-1 trigger generation.
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The trigger signal is produced as a result of the combination of the number of strips
fired, the number of layers receiving the signal in coincidence, out of a certain number of
consecutive layers [96, 97]. The data is latched and is fed to the data acquisition system

via the signal routers.

2.3.4 The ICAL gas system

The gas system basically has the following components built in.
1. Purifier Column: It contains Molecular sieve used to absorb moisture and purify it.
2. Mixing Unit : This receives the gas from MFCs (Mass Flow Controllers)

3. Distribution Panel: The RPC’s can be connected in parallel (or cascade), which is

achieved by “Flow resistors” viz. Capillaries.

4. Safety Bubblers: This is to take care of the back pressure exerted and protect the

RPCs from over pressurizing.

5. Isolation Bubblers prevent back diffusion of air into the RPC and also indicate the

flow of gas.

6. Exhaust Manifold: All the gas to be vented is collected in this manifold and a single
output is provided to either vent the used gas into the atmosphere (open system)
or feed it back after analysing its composition (closed system). This manifold has

a pressure sensor to indicate the pressure of this gas with respect to room pressure.

The choice of the gas in the RPC largely depends on the following factors: low working
voltage, high gain, high rate capability and good proportionality. Freon (R134A) is used,
which is a prime requirement for an elelectronegative gas. The gas is ionised by the
passing charged particle. Recombination of ions in the mixture produces ultraviolet
photons. These should be extinguished as they might generate spurious pulses at other

parts of the detector. For this a quenching gas is required which absorbs the photons.
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Halogens and hydrocarbons are usually used. In this case Isobutane is being used. SFg
(Sulphur-hexafluoride) is used for absorbing the excess avalanche electrons. The gases

are mixed in the following ratio, R134A : Isobutane : SFg = 95.2 : 4.5: 0.3 %.
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This chapter aims to give a light update to the reader, about the various software packages
to be used for the present study or work. One should in principle understand the working
of the software in every bit of detail, before implementing them in one’s phenomenological
studies. We have used the Nuance, the GENIE, the GEANT4, the ROOT and the TMVA
for our analysis. So, we attempt to give a quick overview of the functioning of each of

these software tools.

3.1 Monte Carlo Neutrino Event Generators

Monte Carlo neutrino generators are programs that use random number generators ex-
plicitly in order to simulate the interaction of neutrinos with matter, while taking into
account the physics laws and models.

A neutrino of a particular flavor (if not specified by the user) with a 4-vector mo-
mentum and a target nucleus are chosen by these generators [98]. The possible product
particles are decided in reference to the physics lists in their libraries and kinematically
simulated to get the final state particles in the given detector geometry.

The most commonly used primary neutrino interactions in the generators are usually

categorized as follows [99]:
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(Quasi-)elastic scattering (v N — [ N'),

e meson productions via resonance (v N — [ N’ m),

coherent pion production (v X — [ 7 X) [100],

Deep inelastic scattering (v N — | N’ hadrons),

where N, [, m, X denote nucleon, lepton, meson and nucleus, respectively.

Simulating neutrino interactions within the energy range of interest to the current
and near-future experiments poses significant challenges. To cover this broad energy
range, one requires bridging between the perturbative and non-perturbative pictures of
the nucleon. Inclusion of a variety of scattering mechanismns is also important. There are
several aspects involved , which include elementary cross-sections, hadronization models
and nuclear physics. FEach model has to be considered in its corresponding range of
validity and then included to make whole the picture. Only then, one can generate events
over the entire desired phase space. This inevitably introduces challenges in merging and
tuning models, in making sure that double counting and discontinuities are avoided. In
addition there are kinematic regimes which are outside the stated range of validity of all
available models, in which case one is left with the challenge of developing our own models
or deciding which model best extrapolates into this region. The actual implementations
of the models are different in the generators [99]. Therefore, the results may be different
between the generators even if they use the same model. This is why it is also important
to compare various kinematical distributions from different generators.

The neutrino generators are hence the access points of a neutrino experiment to the
theory inputs required for retrieving the physics information from the data. There are
several neutrino event generators available, such as ANIS [101], GENIE [5], GiBUU [102,
103], NEGN [104], NEUT [105], NUANCE [1], the FLUKA routines [106], NUNDIS/NUNRES
[107], and NuWRO [108].

Neutrino physics is an evolving topic, with the neutrino experiments in full swing,
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which are studying neutrinos from numerous sources, such as reactors, accelerators, the
atmosphere and astrophysical sources, thus spanning a wide range of energies from MeV
to TeV. Our emphasis would be on the range of few-GeV for atmospheric neutrinos. We
have used Nuance and GENIE for generating atmospheric neutrino data for our present
study. They are briefly discussed in the following subsections.

Several neutrino generators have been devised so far, depending on the varied needs
of various neutrino experiments.

GENEVE [109] has been the Monte Carlo neutrino generator for the ICARUS Col-
laboration, well suited to study the atmospheric neutrino interactions. It was developed
during the late 1990s and mostly depends on the interaction models from the 70’s.

NEUT is the Monte carlo generator built for the simulations in Super-Kamiokande
and the K2K experiments, well suited for neutrino interactions with protons and oxygen
[105].

NeuGEN is the neutrino generator [110] in the mid 1980’s for the Soudan 2 experi-
ment, to understand the backgrounds due to neutrinos in the proton decay.

The NuWro Monte Carlo generator [126] of neutrino interactions has been developed
during ~2006-12 by the Wroclaw group, to study neutrino interactions. NuWro simulates
neutrino-nucleon and neutrino-nucleus reactions for energies till TeV. NuWro provides
choices for the description of the target nucleus. The NuWro has also been implemented
as a tool in analysing MiniBooNE CCQE data [127]

GIBUU aims to provide an unified transport framework in energy ranges from MeV
to GeV for reactions on nuclei, like electron-nucleus, photon-nucleus, hadron-nucleus,
heavy ion and neutrino-nucleus collisions [128, 129]. It simulates particle transportation

in nucleus including nuclear effects with uptodate models.

3.1.1 Nwuance

The Nuance software package for generating neutrino interactions was developed by Dave

Casper [1], with the advent of the Super Kamiokande experiment.
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It is a FORTRAN based program, which we shall use to generate neutrino events,
with atmospheric neutrino flux impinging on a simple detector geometry. The detector
geometry must be specified by the user, along with the constituent target materials.

It first retrieves the list of cross sections from its libraries, sums the cross-sections
and the rates of all the known interaction channels. The deep-inelastic scattering is
also considered, within appropriate energy bars. Thus the total cross-section and event
rate is obtained. The number of events to be generated is either specified by the user or
calculated from the exposure time specified, with the help of the event rate. The neutrino
events are then generated and the information saved in ascii format.

The models of final state interaction with the nucleus, used in this program was
originally developed for the IMB experiment.

The Monte Carlo neutrino generator of Nuance also accommodates the option of
generating neutrinos with varied oscillation parameters. The oscillation of neutrinos
during propagation through earth is done by assuming the earth’s sphere in 25 concentric

shells of varying density.

3.1.2 GENIE

GENIE “Generates Events for Neutrino Interaction Experiments” is a ROOT-based uni-
versal, object-oriented/C-++ neutrino MC Generator. GENIE is updated consistently
and it aims to become a “canonical” Monte Carlo neutrino event generator with wide
applicability |5]. The origins of the code come from the Soudan experiment [130] and
later, MINOS [59] has been primary applicant.

Current neutrino experiments have complicated detectors composed of many elements
and the neutrinos are present in different flavors over a wide energy spectrum (from 1
MeV to 1 PeV).

It encompasses and supersedes Fortran neutrino MC generators, such as GENEVE
[109], NEUT, NeuGEN [110] and NUX [111] used in many previous and current neutrino

experiments.
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Neutrino interaction physics models in GENIE: The neutrino—nucleus interac-
tion involves a large variety of processes, all of which must be modeled to get an accurate
description of the experimental signature of any detector and its many components. Since
most theoretical models describe a small subset of these processes, GENIE must include
several such models. The list of physics models include nuclear, cross-sectional, quasi-
elastic scattering, elastic neutral current scattering, baryon resonance production, coher-
ent neutrino-nucleus scattering, non-resonance inelastic scattering, quasi-elastic charm
production, deep-inelastic charm production, inclusive inverse muon decay and neu-
trino—electron elastic scattering. GENIE also takes care of modeling the transition region,
total cross section and the neutrino-induced hadronic multiparticle production modeling,
where it uses the AGKY hadronization model [? | which was developed for the MINOS

experiment.

The Monte Carlo method: It is a numerical solution to a problem that models
objects interacting with other objects or their environment, attempting to model nature
through direct simulation of the essential dynamics of the system in question. It gives a
solution to a macroscopic system through simulation of its microscopic interactions.

GENIE the neutrino event generator for experimental physics uses the PRNG MT1993
It is a random number generator based on the Mersenne Twister [112].

GENIE has already been adopted by many neutrino experiments, including those
using neutrino beamlines, and will be an important physics tool for the worldwide accel-

erator neutrino program.

3.2 GEANT4

Geant4 [113] is a package of programs in ¢+, for simulating the passage of particles. It

involes certain characteristics which are as follows:

e The detector geometry explicitly described, no matter how complicated,

7.

47



Chapter 3. Simulation and Software Tools

e The elements or materials comprising the system specified,

o Identify the particles of interest, like the incident particle, the target particle on its

way etc.,
e (Generate an event or interaction,

e Tracking of the particles through the system, even in presence of electromagnetic

fields,

e (Calling the corresponding physics processes to govern the particle interactions from

the incorporated physics-list,
e Keeping track of the responses from the sensitive detector components,

e Converting these responses into observables of the detector, which may involve

digitisation,
e Option for independent generation of events,
e Recording the information of events and tracks,
e Visualizing the detector and the trajectories of the propagating particles, and

e Options to store (for analysis) the simulated data at different levels.

Thus it incorporates multiple functions like tracking, geometry, physics models and
hits or detector responses, all in one go. The physics processes include electromagnetic,
hadronic and optical processes, covering a a wide energy range from <1 keV to the TeV.

The toolkit has been the product of the joint endeavour of physicists and software
engineers round the world collaborating with each other. To add to its success, GEANT4
has not only been used in particle physics but also nuclear physics, accelerator design,

space engineering and medical physics.
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3.3 TMVA

ROOT [114] is very commonly used by most high energy physicists for analysing data.
TMVA or Tools for Multi Variate Analysis [115] is a collection of classifiers built in the
ROOT environment and is a better way to analyse the data than just implementing a
random classifying technique in isolation. Thus TMVA gives one common platform /
interface for high-end multivariate classifiers. A trial of all the methods using common
data pre-processing capabilities is obtained at ease. All the classifiers are trained and
tested on the same data and evaluated consistently.

There are several optional classifiers and regression methods available in the TMVA|

such as follows.
e Rectangular cut optimisation
e Projective and multidimensional likelihood estimators
e k-Nearest Neighbor algorithm
e Fisher, Linear and H-Matrix discriminants
e Function discriminants
e Artificial neural networks
e Boosted decision trees
e RuleFit
e Support Vector Machine

Some of the above classifiers are discussed in chapter 6. A number of preprocessing
methods like the decorrelation, principal value decomposition, gaussianisation etc. or
combination methods like boosting, categorisation etc. are applied on the parameters

used for better discrimination.
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3.3.1 Working Principle

A schematic flowchart in figure 3.1 shows the working principle of the TMVA.

User Training User Application
Script Script

create ROOT

create
Target File TMVA::Reader
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TMVA::Factory exacute f Add Variables
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Figure 3.1: Left: Flow (top to bottom) of a typical TMVA training application. Right:

Flow (top to bottom) of a typical TMVA analysis application. [115]

The main program of the user, which calls for the TMVA, is mostly a ROOT macro
or a C++ executable script. The TMVA can access to a ROOT file. The “signal” events
and the “background” events are clearly demarcated in the file used for the training and
testing purpose. This is done by a class called “TMVA Factory”. Firstly, the discrimi-
nating variables are stored in the training trees, as certain functions. There are several
MVA methods available, and the user selects the ones, as per one’s requirement. The
configuration options are also specified by the user. The TMVA then undergoes training,

testing and evaluates the performance as a certain probability value. These results or
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the so-called weights of the training methods are stored in an XML format, which will
be used for analysing any new dataset.

Another class called the “TMVA Reader” reads this information, corresponding to
whichever of the trained methods the user has chosen during analysis. For every event
now, the variables are stored in assigned memory addresses and the response values
are calculated. This output value tells the user, to the extent the TMVA can observe

signal-like characteristics or background-like characteristics in an event.

3.3.2 Salient Features

The use of Monte Carlo sampling, Genetic Algorithm, Simulated Annealing [115] in
TMVA accounts for huge speed of volume search by sorting events in binary tree.
The discrimination of signal from background may be required at different stages of

the data analysis, as for example:

e Event level (Higgs searches, ...)
e Cone level (Tau-vs-jet reconstruction, ...)
e Track level (particle identification, ...)

e Lifetime and flavour tagging (b-tagging, ...)

Depending on the level at which the classification is needed, the input variables to be
fed into the TMVA are decided in such accordance. Here are a few examples from some

standard HEP analyses.
e Event properties (jet/lepton multiplicity, sum of charges, ...)
e Kinematic variables (masses, momenta, decay angles, ...)
e Event shape (sphericity, Fox-Wolfram moments, ...)

e Detector response (silicon hits, dE/dx, Cherenkov angle, shower profiles, muon hits,

)
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The variables used in our research work have been explained in chapter 6 with the

required justifications.

3.4 Conclusion

The above mentioned software packages, be it a neutrino event generator, an interac-
tion simulator, or a comaparative analyser that feeds on the variables of an event, are
very important and crucial for an experiment to design, record and analyse the data
correctly and most efficiently. Therefore, they must be understood well and implemented

appropriately in any experimental study.
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This chapter explains how we can obtain a data sample rich in electron neutrino charged
current interactions in the ICAL. We first give the reader an initial picture of the entire
data to be collected by ICAL. We then devise several selection criteria to distinguish
between the v, CC events from the rest of the muonless events. Each of these variables is
discussed in detail, including how the putting (even manually) of cuts on these variables
yield us an enriched sample. We then use this selected sample to extract the hierarchy

information from these v.CC events.

4.1 Introduction

The neutrinos and anti-neutrinos undergo two types of interactions, depending on the
mediating particle. The charged current (CC) interactions are mediated by the W*
particles and the neutral current (NC) interactions by the Z°. The CC events are different
for each flavour and can be distinguished by the charged lepton in the final state. If the
charge of this lepton can be determined, then they can be distinguished from the anti-
neutrino interactions also. The NC events appear the same for neutrinos/antineutrinos
of all flavors due to the absence of any charged lepton in the final state.

ICAL is mainly designed to observe the CC events of v, and 7,, from the tracks
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given by p~ and pu™ respectively. The magnetised iron layers of ICAL help to identify
the charge of the particles, such as muons, passing through many layers. The CC events
of ve (7.) produce electrons (positrons) which create a shower in the detector. This
shower is mostly absorbed in the iron layers. Hence, the CC events of v, or T, look very
similar to the NC events in the ICAL detector.

The present chapter focuses on muonless events in ICAL, which excludes the identified
v,,CC events. Any event, that does not show a distinguishable muon track, is referred to

as a “muonless” event.

4.2 Objective and Motivation

There are some anomalies noticed in the low energy range of the LSND and the Mini-
BooNE data. The existence of sterile neutrinos () is proposed to account for it. The
vs do not couple with Z°, i.e. they do not have NC interactions. Therefore, if there are
any oscillations taking place from the active flavours to the sterile flavours, then there
should be a deficit noted in the count of NC interactions. So, recognizing the sample of
NC events is an essential necessity in this regard.

The muonless events include the v, CC events too. The v-CC also contribute to muon-
less events, though their numbers are very small. Identifying the sample of v,CC events
is always advantageous and welcome. Accessability of another sample of charged current
v-interactions apart from the v, will certainly further add to the physics information
at ICAL. Additional contribution to determining the neutrino mass hierarchy is one of

them.

4.3 Data Generation and Simulation

It must be remembered that besides the above mentioned v, and v. NC events, the v,
events (both CC and NC) and the low energy or near horizontal v, CC events are likely

to appear as muonless events in the detector and form an important background. So,
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one must include the v.CC, all the NC and the v,CC events too.

The data for the following study is generated by Nuance, using normal hierarchy
parameters. Simulations with inverted hierarchy parameters are also made, but not
mentioned here, to avoid repetition. They are denoted as NH and TH (if required) re-
spectively. It is preferable to use 500 years of data, and then scale down later, to avoid
the uncertainty due to the statistical fluctuations.

Therefore, 500 years of data including all such types of events are generated by Nuance
v3 [1]. The events are then simulated in the ICAL detector using the GEANT4 ICAL code
inoical0 v111102 1 [2]. The oscillation parameters used in generating the events are:
Am3,=T7.5e V2, \Amgffz\:2.47e*3ev2, sin? 619 =0.31, sin® 263 =0.09 and §cp=0,

sin? 63 =0.5.

4.3.1 Signal-Detection

Charged particles produced by the neutrino interactions pass through one or more RPCs
and generate hits. These hits are our primary signals. The layer number of RPC gives
the z-coordinate of the hit. The x and y-coordinates are given by the copper-strips of
the pick-up panels which are orthogonally oriented at the top and the bottom of the
RPCs. The number of strips in x-direction, with a signal, gives x-strips and similarly in
y-direction gives y-strips. The maximum of the number of x-strips or y-strips is defined
to be the number of “strips-hit” in that layer. This number of strips-hit in a layer, when
summed over all the layers which have received hits in that event, gives the number of
strips-hit in that event. The hits distribution mentioned hereafter refers to this value.
In the following study, we assume an ideal detector with no noise and any event

registering a single hit is considered a detectable event.

4.3.2 Flavor-Ratio of the data sample

The 500 years of data from Nuance, in the energy range F,={0.8,20} GeV (which is to

be fed into the Geant4 INO ICAL code) gives the following flavour distribution of events
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in table 4.1.
Event type | No Osc. NH IH
v.CC 671289 676014 | 671399
v.NC 241070 241502 | 242157
v, CC 1513637 | 1103263 | 1103667
v,NC 563427 409638 | 409132
v;CC - 17741 17952
v:NC - 151973 | 152360

Table 4.1: Flavour distribution of events in the 500 years Nuance data

However, all of the above events do not leave hits in the detector. The detectable
events are those which leave some hits and we are interested in only those. Since, we
are to deal with events that donot have distinguishable muon tracks, we shall count the
events under the following mentioned categories. Apart from the v,CC, the v,CC are
Henceforth, all the NC events and the v.CC events are

kept as a separate account.

grouped as the “others”.

# v.CC | #NC # v, CC | # v, CC
events events events events

NO OSC. 644356 662286 - 1491317

NH 649487 661109 17481 1087709

IH 644926 661849 17714 1088032

Table 4.2: Counts of observable events without applying any selection cut on the Geant

output of the Nuance data files, i.e., events with non-zero hits at the ICAL@INO detector.
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4.4 Obtaining a v.,CC pure data sample

The muonless events sample contains the v.CC events, the only (significant) type of
charged current interactions besides the muon-track containing v,CC events. Obtaining
such a sample with minimum possible contamination will give us a sample of atmospheric

Ves, i.e. with energy of few GeV, which is a new domain for understanding.

4.4.1 Types of events and their signatures

Vertical and high energy muons travel through large number of layers before stop-
ping/decaying. Therefore, the v,s which have high energy and are incident mostly along
the vertical direction give hits in large number of layers, in case of CC interactions. In
fact, the muons thus produced, form clear tracks in the detector and their momentum can
be reconstructed. The curvature induced along the muon path due to the magnetic field,
leads to the charge identification. On the contrary, the v,s which have lower energy or
are incident mostly along the horizontal direction [116] are confined to a smaller number
of layers. They can hardly be distinguished from the hadron showers which also emanate
from the event vertex.

The v.,CC events produce electrons which can give rise to em showers, but no track
can be seen. The NC events have no charged lepton in the final state and hence have
lower number of hits. In these events, only the final state hadrons are visible in the
detector. They are indistinguishable from v,CC events [18, 17].

Therefore, to make a final judgement of the effectiveness of the selection criteria which
are to be described in the following subsection, we consider the neutrinos in the entire
energy range of 0.1 to 100 GeV. So, in such a scenario, our signal strength is as shown in

table 4.3.
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Selection Criteria

Total #events

#v.CC events

r,CC Purity

hits>0 (all detectable events)

3840083

1106742

29%

Table 4.3: Event counts of the original data sample from the Geant output for the NH

500 years data in E,={0.1,100} GeV.

4.4.2 Selection Criteria and their underlying principle

We devise certain conditions to ensure that the selected event sample contains mostly

v.CC events, with minimum possible background of v,CC and NC events.

The total number of hits created by the produced particles in the detector and the

number of layers with hits are first studied.

In order to understand the behaviour of the different neutrino events in the detector,

we first look at the hits distributions of all the three event types: the NC, the v,CC and

the v,CC, in different energy ranges of the incident neutrinos in figure 4.1.
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Figure 4.1: Hits distribution in the neutrino energy bins (from top to bottom in order):
E,={0.1,0.8} GeV; E,={0.8,5.0} GeV; E,={5.0,20.0} GeV; E,={20.0,100.0} GeV, in case of
the three types of neutrino events (from left to right in each row): others (all NC 4v,.CC); v.CC;

v,,CC events.The x-axis gives the number of hits, and the y-axis the events count.
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The distributions in figure 4.1 show that, for 1,CC events, the number of hits increases
with the energy of the incoming neutrino. This increase is much less for v.CC events and
hardly exists in case of the NC events. The figure also clearly suggests a lower threshold
of ~10 hits to suppress a large fraction of NC events and low energy v,,,CC events.
With this cut, 12% of the total NC events are retained. The survival fraction for v,CC
events is about 18%. So, out of the total set of survived v,CC and NC, more than 60%
are v,CC events, as seen in Table 4.4. The events containing high energy muons can be

separated by restricting the number of layers or by identifying the muon track in ICAL.

4.4.3 Hits and Layers

The electrons/positrons, in general, travel a shorter distance than the hadrons. On the
other extreme, the muons of the v,CC events travel through several layers. A primary
observation of the layer distribution shows that a cut on the number of layers hit in an
event is an effective criterion. Here the “layers” refer to the number of layers which receive
one or more hits in an event. However, the layer cut is a very sensitive cut, owing to the
thick iron layer in between two RPC layers.

As mentioned earlier, v,CC events either with low energy muons and/or in horizontal
direction, do not have any identifiable muon track. Such events have been found to be a
significant fraction in the selected events sample. So, a separate count is maintained for
them. The rest of the backgrounds, i.e. the v.NC, v,NC, v,CC and NC are all contained
in the “others”. The v;CC events being pretty small in number, are not separately
counted.

We implement a lower threshold on the number of hits (here, 10 at least). This
suppresses the NC background and also the spurious events generated purely out of

noise.
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Figure 4.2: Distribution of number of layers for all events with more than 10 hits, for the

500 years NH data in E,= {0.1,100} GeV.

The v.CC events layer distribution, after a minimal hits cut (typically 10), peaks

around 5 while that of the 1,CC events peaks around 10, as seen in figure 4.2. So, by

selecting events which are confined in 5 layers or less, we can reject v,CC events which

are energetic and/or vertical. However, low energy v, CC events, especially those in the

horizontal direction, do pass this cut and give rise to the events listed below. Various cuts

on the number of hits and layers have been imposed on the set of events £,={0.1,100}

GeV. A few significant ones among them are listed in Table 4.4.

61



Chapter 4. Muonless Events in ICALQINO - I

Selection Criteria v, CC others v, CC
hits>0 1106742 1050814 1682527
hits>10 (only) 202838 130642 672566
hits>15 (only) 97535 69340 445977
hits>20 (only) 52398 42476 314597
hits>15; layers<4 47711 19390 19875
hits>15; layers<5 68702 32953 36211
hits>15; layers<7 89614 52550 76194
hits>10; layers<4 125321 56177 62113
hits>10; layers<5 163807 82717 107350

Table 4.4: Events counts after applying the selection cuts on the Geant output for the
NH 500 years data in E,={0.1,100} GeV.

As shown in Table 4.4, requiring the number of layers with hits in the event to be
below cut value, leads to a reduction in the fraction of v,CC events in the sample.

The average number of hits per layer has been studied as a mean to eliminate events
containing tracks. The muon tracks give mostly 2-3 hits in a layer. So, applying a lower
cut on the average hits per layer (hpl) seems to be quite reasonable in rejecting most v,CC
events. The hits per layer cut is useful in studying vertical, high energy muon events.
Here, given that the number of layers is constrained to be smaller than or equal to 5, it
is not very effective. The addition of this cut leads only to a marginal improvement. The

effect of this cut added to those in table 4.4 is demonstrated in table 4.5.
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Selection Criteria v, CC others v, CC
h>15; L<4 47711 19390 19875
h>15; L<4; hpl>4.0 | 47711 19390 19875
h>15; L<5 68702 32953 36211
h>15; L<5; hpl>3.5 | 63911 29831 31512
h>15; L.<5; hpl>4.0 | 60187 27496 28429
h>10; L<4 125321 56177 62113
h>10; L<4; hpl>2.5 | 125321 56177 62113

Table 4.5: Checking the effect of the cuts on average hits per layer added to the above
selection criteria on the Geant output of the NH 500 years data in E,={0.1,100} GeV.
[“h”=+#hits; “L”=+#Layers; “hpl”’=hits/layer|

Applying the above or similar cuts, it is seen that the fraction of v, CC events in the
sample increases, but at the cost of sample size and fraction of vertical events. Hence,

an optimized set of criteria needs to be chosen.

Distribution pattern of the hits in the layers: The cuts on the basis of hits and
layers are indeed the simplest and very effective selection criteria. However, a number of
various other parameters have also been studied, to ensure how much they can contribute
to improve the purity of the v,CC events in the sample. The purity of the 1. CC events
in a sample is the ratio of the number of v,CC events to the total number of events in
the selected sample.

The behaviour of a ve-interaction is certainly different from the other two types of
interactions, as far as our physics knowledge is concerned. The presence of the elec-
tron /positron makes it stand apart from the NC interactions. The way electrons,/positrons
lose their energies in the detector is different from the way p*/u~ do. The challenge is

to utilize these characteristics in distinguishing v, events from v, events in the data from
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the ICAL detector.

4.4.4 Maximum Hits Difference

The v,CC events contain electromagnetic (EM) showers. They should generate a huge
number of hits, but most of them are absorbed by the thick iron layers. However, in
some events the shower may start at the edge of the iron layer. In such cases, a sudden
and significant increment in the number of hits in the following layer is expected. A

schematic diagram of this principle is presented in figure 4.3.

+5 e
[RPCiayer +/f; AL ]
i+

Figure 4.3: Schematic diagram of EM shower in a v.CC interaction at the edge of the

iron layer.

The difference in the number of hits in two adjacent layers in an event is calculated.
This difference is maximized over all such pairs in that event. The value of the maximum
difference in hits thus obtained forms our present selection criteria. The distribution is

shown in the figure 4.4. The effect of this cut is shown in Table 4.6.
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Figure 4.4: Distribution of maximum difference in the number of hits in adjacent layers
for events with more than 15 hists in a maximum of 5 layers, for the 500 years NH data.

E,—{0.1,100} GeV.

Selection Criteria v.CC | others | v,CC
h>10; L<5; 163807 | 82717 | 107350
h>10; L<5; max hits diff.>5 82500 | 34701 | 38824
h>15; L<5; 68702 | 32953 | 36211
h>15; L<5; max hits diff.>5 50295 | 21844 | 23991

Table 4.6: Events counts after applying the hits-layers selection criteria and adding the
cut on maximum difference in the number of hits in adjacent layers. (500 years NH data

in E,={0.1,100} GeV.)[“h”=+# hits; “L”—+# Layers |

This selection criteria helps in improving the v, CC events ratio by about 3-4%. How-
ever, a simultaneous study of the Nuance MC information shows that the larger hits

difference is given by mostly horizontal v,CC events.
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4.4.5 Comparing the hits in each layer

The number of hits in every individual layer in an event is studied. This criterion, in
a way seeks a pattern in the number of hits in adjacent layers. A variety of patterns
are assumed and checked with the set of events. Two of them are stated below. The
underlying logic still rests on the concept of the EM shower.

Additional hits in the next layer: One of the layers hit is chosen and additional
5 or 6 hits are demanded in the very next layer. All the layers in the event are checked.
The event to be selected must have at least one such pair of layers. A lower threshold of
2 layers thus becomes an inherent constraint.

Majority of hits in one layer: One can call this criterion a modified version of
the earlier one. According to this criteria, the event must contain 50% or 60% of the
total number of hits in a single layer. Therefore, no lower cut on the number of layers is
required here.

The effect of the selection cuts are shown in Table 4.7.
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Selection Criteria v,CC | others | v,CC | v.CC purity %
hits>15; layers<5; 68702 | 32953 | 36211 50
hits>15; layers<5; | 47009 | 21191 | 22934 52

h;, >h;41+5

hits>15; layers<5; | 38479 | 13745 | 16934 56

h; >50% hits

hits>15; layers<5; | 29123 | 9038 | 11948 58
h; >60% hits

hits>15; layers<4; 47711 | 19390 | 19875 5%)
hits>15; layers<4; | 34399 | 13308 | 13868 56
h;, >h;41+5

hits>15; layers<4; | 32737 | 10931 | 12679 58

h; >50% hits

hits>15; layers<4; | 26006 7735 9690 60
h; >60% hits

Table 4.7: Events counts after applying the hits-layers selection criterion and demanding
(i) 5 additional hits in adjacent layers (hy, hyyq); (ii) 50-60% of total number of hits in
one layer. (500 years NH data in E,={0.1,100} GeV.) [“hits”=total #hits; “h;”=hits

in any of the layers, say the L layer.]

The following statement must be remembered for this current section and in those
of relevance: If the statistical errors are considered for the event counts, then the corre-

sponding variations in the calculated values of the purity are far less than 1%.

4.4.6 The Overall Distribution Pattern of Hits among the layers

The hits in different layers of the v, CC events are non-uniform. The hits are mostly over

concentrated in some layers, while entirely sparse in the rest. Although the muonless
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events all look like shower, the muon containing low energy v,CC events tend to spread

out less in the horizontal direction than the v, CC events.
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Figure 4.5: Schematic Diagram of hits in the RPC layers

Figure 4.5 shows the hit pattern among various layers in an event (left panel) and
the number of hits vs layer number (right panel). For the plot in the right panel, the
lowest layer hit is labelled to be 0, the next 1 and so on. In such a plot, the v,CC gives a
broader peak than the v,CC / NC. Hence, events selected with such sharper peaks should
reduce the fraction of v,CC events in our sample. This property can be parametrized as
either the mean or RMS value of the layerwise hits distribution of each event. However,
having studied both the quantities, the cut on the RMS value appeared comparatively
more effective. A distribution of the “RMS” values for the data sample with a minimum

threshold of 10 hits as shown in figure 4.6.
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Figure 4.6: Distribution of RMS values for events with more than 10 hits, for the 500

years NH data. E,={0.1,100} GeV.

The distributions of the mean values also look similar, and not shown here. Cuts
applied on this RMS value possesses tremendous capability to select the v.,CC events.
Some of the results are shown in table 4.8. The cut on the RMS value can even override
the so-long-used layers-cut too, as seen in the table 4.8. In fact, even if we implement a
lower threshold of minimum 3 layers on our dataset, we can fetch 48% of purity of the
v.CC sample, with a signal selection efficiency of 59%), background rejection efficiency of
86%, and yet retaining a sample size of 425 events/year. However, other cuts are also
mentioned in the table 4.8, which include combinations of multiple selection criteria, with

the sole aim of improving on the purity of the sample of the “v,CC-like” events.
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Selection Criteria v.CC | others | ,CC | 1.,CC
purity %

h>15; L<5; 68702 | 32953 | 36211 | 50

h>15; L<5; rms<1.2 56254 | 24916 | 25431 | 53

h>15; L<5; rms<1.2 ; max hits | 48248 | 20452 | 21241 | 54
diff.>4

h>15; L<5; rms<1.2 ; max hits | 39610 | 15585 | 16969 | 55

diff.>6

h>10; L>3 174192 | 122547 | 662836 | 18
h>10; L>3; rms<1.2 102657 | 51762 | 58176 | 48
h>10; L<4; 125321 | 56177 | 62113 | 51
h>10; rms<1.2 130226 | 59387 | 66843 | 51
h>10; L<4; rms<1.2 111858 | 47961 | 52860 | 53

h>10; L<4; rms<1.2; max hits | 86157 | 35115 | 37026 | 54
diff.>3

h>10; L<5; rms<1.2; max hits | 99814 | 43409 | 46455 | 56
diff.>3

h>10; mean<2; rms<1.2; max hits | 83954 | 35130 | 36127 | 54
diff.>3

h>10; mean<2; rms<1.2; max hits | 60959 | 23063 | 24129 | 56
diff.>5

h>10; mean<2; rms<1.2; max hits | 51249 18247 | 18922 | 58
diff.>5; hpl>4

Table 4.8: Events counts after applying the hits-layers selection criteria; adding the cut
on the variance of the mean of the vertical distribution of hits in layers, i.e. rms; the
criteria of max hits diff. is included for a further improvement. (500 years NH data in

E,={0.1,100} GeV.) [“h"=#hits; “L”=+#Layers; “hpl”=avg hits/layer.|
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The beauty of this selection criterion, lies in the fact, that it shows a good efficiency
in selecting the signal, i.e. the v,CC events, while improving the purity too. The RMS
cut appears quite effective in improving the ratio. In fact, the cut on the maximum
difference in the hits further helps in improving the results. Therefore, one can obtain a

~55% v.CC events purity, with a moderately large sample size.

Other Selection Criteria: The criteria described above are the most effective ones.
However, a few other competent selection criteria which we devised in the process, are

enlisted as follows.

4.4.7 Maximum horizontal Spread:

The energy distribution of the events selected with the hits and layers criteria, is studied
using the information from NUANCE. It shows that the v,CC selected are due to either
the low energy muons or the quite energetic near-horizontal muons. The energetic, near
horizontal muons travel larger distances. This implies these events must have a larger
maximum horizontal spread than the v,CC or the NC events.

So the maximum horizontal spread of the events may also work as a selection criteria.
The horizontal spread of an event can be defined in a number of ways. Here three of such

ways are described.

¢ Maximum separation between two hit points in a layer: A hit point refers
to the pair of (x,y) coordinates of the hit/signal in an RPC. The signals from the
detector are read as the strip numbers along the X or Y direction. Hence, the
so-called hit points are devised by making all possible combinations of the signal
giving X-Y strip numbers. Now, the distance between any two points are given by

the standard definition:

D = \/(($2 —21)%2 4 (y2 — y1)?) ; for every hit (x;,y;) in a layer.

The largest value of D in a layer is compared with the same in all the other layers.
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The maximum value of D thus obtained finally is our required selection parameter.

e Maximum distance in either x or y direction: This refers to the distance
between the farthest strips hit in an RPC. The separation between the extreme
x-strip numbers is calculated in a layer. The same is done for the y direction. In

mathematical terms, it is as follows:

D - |(Xleftmost'Xrightmost)| or D = |(Yleftmost'nghtmost)| ; X,y € in the same layer.

The larger value out of these is considered the maximum separation in that layer.
This value is compared with that for all the layers in an event. The final maximum

value is the selection parameter.

e Maximum x or y projection on the horizontal plane: In the above two
criteria, the x or y strip numbers were in the same layer. This criteria almost
mimics the second bullet point, except the fact that the x or y strips are not
restricted to the same layer. It is the farthest-most separation between either the

x or the y strips among all the layers hit in an event.

D= ‘(Xleftmost'xrightmost)‘ or D = |(Yleftmost‘Y7‘ightmost)| ;) X,y € in any layer'

This can be also interpreted as the maximum x or y projection on the x-y plane.

The distributions of all the above three parameters have been observed. As expected,
the horizontal spread for the 1,CC events is slightly more than the rest of the event
types considered. Corresponding upper threshold cuts are applied on the horizontal
spread. There is marginal difference found between the results obtained by using the
three above defined selection parameters. The third selelection criteria of x/y projection
however appears slightly better than the other two. Also, it must be noted that it deals
with the X or Y strip numbers exclusively.( Hence, the second and the third criteria does
not include any ghost hit, i.e., any false combination of the X and Y strip numbers.)

Table 4.9 shows the effectiveness of this selection criteria.
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Selection Criteria ve CC (NH | others (NH |y, CC (NH
evts) evts) evts)

#hits>15; 60613 24084 30490

#layers<5b

#hits>15; 57001 23203 21105

#layers<5;

distance<100 strips

#hits>15; 42576 14574 16465
#layers<4
#hits>15; 40087 11104 14068
#layers<4;

distance<110 strips

Table 4.9: Checking the effect of the cuts on horizontal spread (x or y projection), i.e.
“distance” added to the above selection criteria on the Geant output of the NH 500years
data files. (500 years NH data E,={0.8, 20} GeV.)

However, as can be noted from the table 4.9, the cut on the horizontal spread
marginally improves the v, CC fraction in the selected sample. In other words, this
criteria does not bring any drastic improvement to add to the hits/layers selection crite-

ria.

4.4.8 Maximum diagonal Condition:

As already stated earlier, the v, CC events mostly have muons travelling comparatively
larger distances than the v, CC or the NC events. The criteria of horizontal spread has
already been discussed in the earlier section. Here, the total distance between two hits
is to be calculated, irrespective of whether they are in the same layer or not. This has

been done in two different perspectives.
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e Maximum total distance: The distance calculated here is similar to the first
point in the earlier section, except the fact that the (x;,y;) and (x;,y;) values may

not belong to the same layer.

D = /((z2 — 21)% + (y2 — y1)?) ; for every hit (x;,y;) in any layer.
It can also be interpreted as the projected length of the largest diagonal between
two hits in the event. The maximum value of this distance in an event serves as

our selection parameter.

¢ Maximum vertical (z-direction) spread: The maximum total distance as de-
scribed in the just earlier point is calculated. The difference in the z-coordinates
or layer numbers corresponding to these two hit points is calculated and is called
“maxz”. This maxz is expected to be the maximum for the v, CC events, rather
hardly less than the number of layers hit. Hence, in principle, demanding events
with maxz less than the number of layers, should reduce the selection of v, CC

events.

The effect of the above two selection cuts are tabulated in table 4.10.

Selection Criteria ve CC | others | v, CC | Total

NH +#hits>15; #layers<=4; | 39763 | 13973 9689 | 63425

distance<110 strips

NH #hits>15; #layers<=5 | 56435 | 22950 | 17806 | 97191

distance<100 strips

NH #hits>15; #layers<=4; | 39616 | 13555 | 15287 | 68458

maxz<#layers

Table 4.10: Events counts after applying the hits-layers selection criteria and cuts on
maximum diagonal projection as well as the z-spread of the maximally distant hit points

in an event. (500 years NH data E,={0.8, 20} GeV.)
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4.4.9 Concentration of hits in adjacent layers:

The v, CC events consist of EM showers, unlike the other two types of events. The em
shower can hardly be identified due to the thick iron layers. Inspite of this the excess
in the number of hits can still be noticed, in comparison to the NC events. This fact
inspires us to check, if a selection criteria based on the concentration pattern of the hits
might be effective.

A 1,CC event is expected to have most of its hits concentrated in the first few layers.
So we suppose, the number of hits in 3 adjacent layers at any of the extreme ends of the
event sums up to 60% of the total number of hits in that event. Such events are to be

selected by this present criteria. The effect of this cut is tabulated in table 4.11.

Selection Criteria ve CC | others | v, CC

Hhits>15; #layers<—4; | 33214 | 12590 | 14075
#hits in 3 adj.L>60%

“hits>15; #layers<—5; | 51165 | 22037 | 27951
#hits in 3 adj.L>60%

Ahits>15; #layers<—4; | 31206 | 11998 | 8092
#hits in 3 adj.L>60%;

max. hori.spread<

100strips

Table 4.11: Events counts after applying the hits-layers selection criteria and putting the
condition of 60% of the hits to be confined in the extreme 3 adjacent layers. (500 years
NH data E,={0.8, 20} GeV.)

This selection criteria slightly improves the v.,CC counts in the selected sample. This
is due to the fact that a lower threshold of 3 layers becomes mandatory in this criteria.

The v.CC events are more concentrated in the less number of layers. In fact, adding
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the cut of maximum horizontal spread adds to improving the v.CC signal ratio. Hence,

though the criteria looks an effective one, but has a drawback of reduced v,CC sample.

4.5 The NC events fraction

Our primary/main focus in this paper is to obtain a v, CC rich sample of neutrino events
at ICAL. So, the selection cuts so far have been favoring v, CC events. However, the NC
events fraction can also be enhanced comparatively.

The cuts are based on the simplest criteria of hits and layers. However, the hardware
threshold to be put in ICAL for accepting NC events must be taken into account. This

requires a trigger algorithm different from that for the muon track-containing events.
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Figure 4.7: Distribution of number of hits for all non-zero hit events with E, = {0.1,100}

GeV for 500 years of NH data.
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Figure 4.8: Distribution of number of layers which received one or more hits in an event,

E, = {0.1,100} GeV for 500 years of NH data.

The NC events give mostly very few hits, and are confined in very few layers, see
figures 4.7 and 4.8. So, to obtain a NC events rich sample, one might be tempted to
put an upper threshold on the number of hits. But, to deal with such a small number of
hits in an event, sub-GeV neutrinos should be accounted too. So, the dataset including

neutrinos with E, = {0.1,100} GeV is the appropriate one.
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Selection Criteria | ».CC  (NH | others (NH | »,CC (NH | NC pu-
evts) evts) evts) rity %

0<hits<10 (only) | 903904 920172 1009961 32

0<hits<10; 659926 724065 478480 39

layers<2

0<hits<4 (only) 406705 568177 345322 43

0<hits<4; 397895 558109 321648 44

layers<2

O<hits<4; layers | 287799 436263 198539 47

=1

4<hits<10; layers | 70330 38360 31046 27

=1

Table 4.12: Enhancing NC fraction: events counts after applying the selection cuts on

the Geant output of the NH 500 years data files in E,—{0.1,100} GeV

The NC counts in the selected sample are almost equal to the sum of the selected
v,CC and the v,CC events. The NC events have a very small number of hits in general.
The cuts used earlier demanded a minimum of 10 hits and hence discriminated against
the NC events. The dominance of the NC events can be gradually realized in case of
events having 10 hits or less, as shown in Table 4.12.

If we demand number of hits < 3 and 1 or 2 layers, we get the event samples shown
in Table 4.12, which are quite rich in NC events. If the noise is kept under control, such
events can be used to study mixing with sterile neutrinos. Trigger efficiency will play a
major role in selecting such events. In fact, it has been checked that a sample of single hit
events has more than 50% of NC events. But obviously, just one-hit is an unacceptable
criteria. Therefore, the selection cuts will have to be redesigned entirely, to obtain a NC

events sample with a significant purity.
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4.6 Inference of the Selection Principle

The selection criteria to be finally chosen depends on the requirements of the physics
study. One might insist on the maximum possible purity of the v,CC events, even com-
promising the vertical events fraction or small sample size. The effects of the most impor-
tant selection cuts, based on hits and layers, are summarized below. One can visualize
the status of the NC or the v, CC events majority in the figures 4.9 and 4.10 respectively.
The neutrino energy range is {0.1,100}GeV. The selection criteria represented along the

X-axis are mentioned in the tables 4.13 and 4.14.

X-axis: seln.# | hcutl | hcut2 | Lcut
1 0 3 5
2 3 10 5
3 0 3 4
4 3 10 4
5 0 3 3
6 3 10 3
7 0 3 2
8 3 10 2
9 0 3 1

10 3 10 1

Table 4.13: 0-10 hits region:List of Selection cuts in Table 15. Cuts:
hcutl<#thits<hcut2 and #Layers==Lcut. The events are from NH 500 years data files
in E,={0.1,100} GeV
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X-axis: seln.# | hcutl | hcut2 | Lcut
1 10 15 5
2 15 20 5
3 20 25 5
4 25 30 5
5 30 35 5
6 35 40 5
7 40 50 5
8 50 100 5
9 10 15 4
10 15 20 4
11 20 25 4
12 25 30 4
13 30 35 4
14 35 40 4
15 40 50 4
16 50 100 4
17 10 15 3
18 15 20 3
19 20 25 3
20 25 30 3

X-axis: seln.# | hcutl | hcut2 | Lcut
21 30 35 3
22 35 40 3
23 40 50 3
24 50 100 3
25 10 15 2
26 15 20 2
27 20 25 2
28 25 30 2
29 30 35 2
30 35 40 2
31 40 50 2
39 50 100 2
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Optimization of sample size
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Figure 4.9: 0-10 hits region: Surviving events-composition chart after applying var-
rying cuts on the number of hits and layers in the event for the 500 years NH data.
E,={0.1,100} GeV. The serial numbers along X-axis, which are related to different hits
and layers cuts, are explained in table 4.13.

Figure 4.9 shows the dominance of the NC or the v,CC events in the domain of 0-10
hits. Hence, a lower threshold of 10 hits has been appropriate for obtaining the v, CC

pure sample. The figure 4.10 refers to events in the beyond-10-hits domain.

81



Chapter 4. Muonless Events in ICALQINO - I

Optimization of sample size
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Figure 4.10: 10-100 hits region: Surviving events-composition chart after applying
varrying cuts on the number of hits and layers in the event for the 500 years NH data.
E,={0.1,100} GeV. The serial numbers along X-axis, which are related to different hits
and layer cuts, are explained in table 4.14.

Optimization of Total sample size

k-/\‘--/'\\“---h._-----
10 15 20 25 30 35 A

Selection Criteria serial no.

60000 £

Total Sample size

Optimization of Signal Ratio

nueCC purity
o
5}

o
I HH|IH\|HH|HH|\

L L L L L L
5 10 15 20 25 30 35

Optimization of Vertical events Ratio

Selection Criteria serial no.

Vertical events fraction
o
[§)

e HH‘IH\‘HII‘HII|HH|

5 10 15 20 25 30 35 0
Selection Criteria serial no.

Figure 4.11: The contrasting effect of the purity of the v.CC events with the size of the
selected sample and the fraction of vertical events in the selected sample. The serial

numbers along X-axis, which are related to different hits and layer cuts, are explained in

table 4.14.

82



Chapter 4. Muonless Events in ICALQINO - I

The Selection cuts used in the figures are listed in table 4.13 and 4.14. The Selection
criteria, as plotted along the X-axis contain a upper and lower hits cut, and a certain
number of layers. Therefore, each of them are mutually exclusive to each other and
one might choose a combination favorable to one’s purpose of study. The hits region
0 to 10 which is an NC dominated one, is plotted in figure 4.9 and the cuts listed in
table 4.13. The hits region 10 to 100 is dominated by the v, CC events. This is portrayed
in figure 4.10 and the cuts enlisted in table 4.14 The lines in figures 4.9 and 4.10 connect
events of a particular type. They just show the change in the number of events of a
particular type due to a change in the cut parameters.

The cuts on the hits and the layers are the most important primary criteria. Effects
of additional criteria have been mentioned in the previous subsection, and will be inferred
at the end of this chapter. Figure 4.11 portrays the effect of these primary cuts. The

serial numbers along X-axis are the selection cuts listed in tables 4.13 and 4.14.

4.7 v.,CC and NC events as background to v,CC events

As already explained early in this chapter and the report, ICAL is mainly designed to look
for v, CC events with reconstructable muon trajectories. This is to inspect the hierarchy
dependent effects in the u* and the p~s. In other words, events with a muon track are
the primary data for the ICAL, especially those within the range E, ={0.8,20} GeV. The
v, CC events detected at ICAL must pass through (i.e. give hits in) a minimum number
of layers (5 or 6), so that the muon track can be well reconstructed. This layer cut will
undoubtedly select mostly v,CC events. However, some 1,CC and NC events also will
pass this cut and form potential background to the v,CC events sample. The present
section aims to estimate the upper limit on this background.

As shown in Table 4.15, out of all the generated events, about 20% of the “others” do
not give any hit in the ICAL. For v.CC and v,CC events, this fraction of “undetectable”

events is about 5%. The layers distribution of each type of detectable events is shown in
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figure 4.8.
Selection Criteria | v,CC others v, CC
(NCH+v,CC)
all generated | 676014 820854 1103263
events
#events with | 649487 678590 1087709
hits>0 in ICAL

Table 4.15: Events counts before applying the selection cuts on the Geant output of the
NH 500 years data files in E,={0.8,20} GeV.

Since reconstructable v, CC events demand a minimum number of layers to be hit,
the distributions for two different layer-cuts are shown in Table 4.16. This feature of

large suppression of the v,CC and NC events with this cut is evident in figure 4.8.

Selection Criteria | v.CC | others (NC+v,CC) | v,CC
#events: L>5 84115 73849 683635
~10% ~9% ~81%
#events: L>6 35678 37031 579760
~5% ~6% ~89%

Table 4.16: Events counts after applying the selection cuts on the Geant output for the
500 years of NH data with E,={0.8,20}GeV.

4.8 A Comment on the purity of the ».CC events in the

muonless sample

A Nuance based analysis of the selected events has been done to understand the com-

postion of the selected events. Three types of interactions are looked into. Among Quasi
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Elastic (QE) interactions, the ratio of the ,CC to the background is 3:1. Among Reso-
nant Scattering (RS) interactions, the ratio of the v.CC to the background is 2:1. Among
Deep Inelastic Scattering (DIS) interactions, the ratio of the v,CC to the background is
1:1.

The number of QE events are very less in comparison to the other two types. There-
fore, in the final sample of selected events, the ratio of the v, CC to the background is

~3:2.

4.9 Contribution 7,CC to determination of neutrino mass

hierarchy

In this section, we search for the presence of matter effects in muonless events for hierarchy
discrimination. Eventhough, muonless events are striaght forward to identify, identifying
their energy or direction is a great challenge. Thus the effect of muonless events on
the hierarchy is expected to be much smaller compared to that of the muon events.
Nevertheless, we pursued this study with the hope of improving the hierarchy sensitivity

of ICAL.

4.9.1 Physics motivation

The matter effect modifies neutrino oscillation probabilities. For long pathlengths (L >
5000) km and moderately large energies (5GeV < E, < 10GeV), both P(v, — v,)
(Pyuy) and P(ve — v,) (Peyu) can have a change as large as 40%, leading to an observable
change in the muon event rate due to matter effects. By measuring this change, it is
possible to determine the neutrino mass hierarchy. The oscillation probabilities involving
Ve, P(Ve — Ve) (Pee) and P(v, — ve) (Pye), also undergo large changes due to matter

effects. The spectrum of the electron events is given by

dN, dd dd
dEz = dEzPee+dEl:P,lte Oy.
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Since muon neutrino flux d®,/dE, is twice the electron neutrino flux d®./dE, and the
change in P, is half the change in P, the effect of these large changes largely cancel
each other out in the electron event sample. This fact makes finding matter effects in
muonless events even more challenging.

The earlier section suggests that it is possible to have a v, CC events rich sample, with
proper selection cuts. The background comprises of v,CC events and the NC events. The
NC set is unafffected by oscillations. The v,CC events which get selected are devoid of
any distinct muon track. The effect of oscillations is however averaged to nil, over wide
range of energy or direction for v,s. So, the effect of oscillations in matter studied on
this events sample, is mostly due to the v,CC events.

The vertical or near vertical neutrinos travel longer distance through the earth. So,
the matter effects are expected to be seen to the maximum extent, in mostly vertical
events, surely upward. However, unfortunately enough, the selection criteria chosen so
far, as reported in section above excludes a significant percentage of the vertical events.
Therefore, the following study reflects the minimum possible information that can be

extracted from these muonless events.
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## v,CC | other # v,CC
events events events

NO OSC. 1111704 1029441 2370977
(1248308) (1472677) (2499685)

NH 1106742 1050814 1682527
(1240412) (1492906) (1764509)

IH 1101155 1052781 1681448
(1234901) (1494688) (1763191)

Table 4.17: Detectable events counts from the Geant output of the Nuance data files,
i.e., events with non-zero hits at the ICALQINO detector. The total number of events

generated are inside the braces. E,={0.1,100} GeV.

Therefore, the following studies have eventually been done with neutrinos in the

energy range F,={0.1,100} GeV.

4.9.2 The Generated Events Sample

The data files from Nuance, in the energy range E,={0.1,100} GeV are fed into the
Geant4 INO ICAL code to get the events sample for the following studies. The neu-
trino oscillations have been applied using the normal and the inverted mass hierarchy
parameters, which are denoted as NH and IH respectively. The oscillation parame-
ters used are as follows: Am3, = 7.5 x 107° eV2, Am3,(NH) = 2.51 x 1073 eV?,
Am3,(IH) = —2.43 x 1073 eV?, sin® 612 = 0.31, sin? 2613 = 0.09, sin” fo3 = 0.5 and dcp
=0.

We will bin the events in terms of their hits and layers, as they indirectly give an
estimate of the neutrino energy. This dependence is investigated in details in the next
section. As a firsthand estimation, we checked the events counts for the NH and the IH

case, by dividing the selected sample in two bins and then 15 bins, as the finest possible
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The total sample is found to be best selected when done in two bins of different hits

range. The criteria for the two are different and best optimized for that hits range.

The normal mass hierarchy (NH) oscillated set of events are in table 4.18.

hits /layer>3.5

Selection Criteria v.,CC (NH | others (NH | »,CC (NH
evts) evts) evts)

15<# hits<25; 51144 25358 27232

#layers<5

10<#hits<15; 55984 24108 24667

#layers<4;

Table 4.18: Events counts after applying the selection cuts on the Geant output of the

NH 500years data files

The corresponding set for the inverted mass hierarchy(IH) oscillated events is in

table 4.19.
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Selection Criteria v.CC (IH | others (IH | v,CC (IH
evts) evts) evts)

15<#hits<25; 49818 25235 26975

#Hlayers<5

10<#hits<15; 55317 23643 24510

#layers<4;

hits /layer>3.5

Table 4.19: Events counts after applying the selection cuts on the Geant output of the
IH 500years data files

The selection strategy appears effective enough to separate out the v, CC events from
the NC events. The counts in the NH and the IH case also stand apart from each other

in the corresponding bins.

The 15-BIN Sampling:

Particles with higher energies give more hits in the detector. Hence, we take the
number of hits to be a measure of the energy. Since the oscillation probabilities are
functions of energies, it makes more sense to classify the events to a larger number of
energy or hits bins. The flux of atmospheric neutrinos is very high at lower energies ~1-2
GeV, and falls rapidly with the increase in energy. So a minimal cut on the number of
hits is applied.

Events with number of hits less than 20 are divided into small bins of width: 1 hit,
while those above 20 to 40 are put into bins of 5 hits. The rest of the events above 40 hits
account as all-in-one bin. A lower cut to exclude all events with 10 hits or less, is set as

a threshold to reduce the number of NC events. Hence, the total sample is divided into
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15 exclusive hits ranges. The events counts after applying the chosen selection criteria

for both NH and IH cases are listed in table 4.20 and 4.21.

Selection Crite- | 1,.CC (NH | others (NH | »,CC (NH | Total (NH
ria evts) evts) evts) evts)
h=11; hpl>3.5 | 15248 6496 6661 28405
h=12; hpl>3.5 | 11199 4652 4566 20407
h=13; hpl>3.5 | 8737 3507 3284 15528
h=14; hpl>3.5 | 11552 5265 5874 22691
h=15; hpl>4.0 | 5193 1990 1899 9082
h=16; hpl>4.0 | 7486 3388 3305 14179
h=17; L<4 6129 2642 2614 11385
h=18; L<4 4903 2143 2046 9092
h=19; L<5 5763 2826 3071 11660
h=20; L<5 4944 2369 2509 9822
21<h<25; 15688 8103 7866 31657
hpl>4.0

26<h<30; 7142 3415 3546 14103
hpl>5.0

31<h<35; 3920 1720 1907 7547
hpl>6.0

36<h<40; 2171 961 1177 4309
hpl>7.0

h>40; hpl>11.5 | 3219 974 1994 6187

Table 4.20: Events counts after applying the selection cuts on the Geant output of the
NH oscillated 500years data files (h=number of hits in an event; L—number of layers

hit in an event; hpl=average hits per layer)
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Selection Crite- | 1,.CC  (IH | others (IH | »,CC (IH | Total (IH
ria evts) evts) evts) evts)
h=11; hpl>3.5 | 15041 6395 6522 27958
h=12; hpl>3.5 | 11177 4647 4567 20391
h=13; hpl>3.5 | 8527 3421 3342 15290
h=14; hpl>3.5 | 11537 5225 5580 922342
h=15; hpl>4.0 | 5033 1857 1854 8744
h=16; hpl>4.0 | 7340 3365 3216 13921
h=17; L<4 9959 2723 2584 11266
h=18; L<4 4862 2064 2050 8976
h=19; L<5 5785 2833 2982 11600
h=20; L<5 4704 2385 2465 9554
21<h<25; 15069 7816 7846 30731
hpl>4.0

26<h<30; 7212 3484 3508 14204
hpl>5.0

31<h<35; 3707 1824 1893 7424
hpl>6.0

36<h<40; 2132 941 1106 4179
hpl>7.0

h>40; hpl>11.5 | 3176 1034 2111 6321

Table 4.21: Events counts after applying the selection cuts on the Geant output of the
IH oscillated 500years data files. (h=number of hits in an event; L—=number of layers

hit in an event; hpl=average hits per layer)
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4.9.3 Calculation of the mass hierarchy y? value:

The mass hierarchy x? value is calculated according to the Gaussian method:

5 (#NHevts — #IHevts)?

= (#NHeuts) (4.1)

4.9.4 The Average Mass Hierarchy (MH) y?

Due to MC statistical fluctuations, if we simulate the NH events twice, with two
different seeds, the x? between these two event samples will be non-zero. In fact, this
Xiwe = X2(NH1 — NH2) will be approximately twice the number of bins. In addition,
we calculate X2, . = x*(IH — NH). If the NH is the true hierarchy, then we expect x2,.,
to be appreciably greater than 2.

To minimize the overall effect of MC fluctuations, we do our calculations for very
large statistics and scale them down to 10 years. Here we consider data for 500 years.
We have simulated the data for NH with three different seeds and similarly for IH. Thus,
we have six values of x?(true) and nine values of y?(false). We take the average of each

and define the average x? as:
2 2 2
<X >=< Xfalse > = < Xtrue = (42>

The numbers of the v, CC and the v,CC events generated for each of the files generated

with different seeds are listed in table 4.22.
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Sample ID | NH ».CC NH »,CC IH ».,CC IH »,CC
seed 1 676014 1103263 671309 1103667
seed 2 674971 1103879 670827 1105891
seed 3 675963 1102817 669664 1104746

Table 4.22: The v,CC and v,CC events count for 500 years of Nuance data, before inter-
acting with the ICAL detector. Here, the counts for only the energy range F,={0.8,20}

GeV is shown, since it makes the major contribution to the value of x?.

4.9.5 Calculation of Average x? assuming Normal Hierarchy (INH)

The events are simulated in the energy range F,={0.1,100} GeV, for both NH and IH,
each with three different seeds. For analysing the hierarchy information inherent in
the muonless events, we need a selected sample rich in mostly vertical v.CC events. A
further study of the above selection criteria has shown that efforts to increase the purity
of the v,CC events result in a simultaneous depletion in the fraction of vertical events in
the sample. Hence, we apply some straightforward cuts to optimize between the purity
and the vertical events fraction of the v,CC events. We select a sample with hits (h),
layers (L), and hits/layer (hpl) cuts as stated here: 11<h<14, hpl>3.5; 15<h<16, hpl>4;
17<h<18,; L<4; 19<h<20, L<5; 21<h<25, hpl>4; 26<h<30, hpl>5; 31<h<35, hpl>6;
36<h<40, hpl>7; h>40, hpl>11.5. The number of events in each bin is already tabulated
in table 4.20 and 4.21.

To compare the distributions of these events, we sort them into a number of bins. We

consider four different binning schemes to compare the values of < y? > they finally lead

to. They are briefly discussed as follows:

e 1-bin scheme: The events are all contained in one single bin. Each of these events

must have a minimum of 11 hits and be confined in 4 or less layers.

e 3-bin scheme: The selected sample is divided into 3 bins, based on the number of
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hits. The events in the first bin should have a minimum of 11 hits but < 20 hits.
The second bin covers the range of 21 to 40 hits, while events with 40 to 100 hits

are put in the third bin.

e 10-bin scheme: The events are classified into 10 uniformly divided bins in the hits

range 11 to 100.

e 15-bin scheme: The hits range 11 to 20 is divided into 10 bins. The events giving
hits from 21 to 40 are grouped under 4 uniform bins. The fifteenth bin comprises

the events giving more than 40 hits.

We expect the < x2 > to increase as the number of bins increases, until a saturation
value is reached.

The values for x2.,. are shown in Table 4.23. Table 4.24 contains the values of X? alse:

Sample xi ()| xi 3) | x7 (10) | x7(15)
pairs

NH2-NH1 2 6 10 30
NH3-NH1 1 3 9 27
NH3-NH2 1 9 18 17
IH2-TH1 3 9 14 44
IH3-TH2 0 14 23 22
IH3-IH1 2 7 19 47
Average 2 8 16 31

Table 4.23: Values of X7.,. or X7 from the three+three possible combinations of NH and
IH datasets, using four different binning schemes. The number of bins is indicated in the

first row.
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Sample X7 ( X7 (3) | x7(10) | x7(15)
pairs

NH1-IH1 44 55 72 82
NHi1-IH2 26 29 46 62
NH1-IH3 39 39 50 70
NH2-IH1 27 29 43 50
NH2-IH2 13 14 31 63
NH2-IH3 23 28 39 54
NH3-IH1 35 53 80 74
NH3-IH2 19 23 45 67
NH3-IH3 30 33 50 60
Average 28 34 51 65
(all)

Table 4.24: Values of Xfcal se OF X?v from the nine possible combinations of NH and IH

datasets. The number of bins is indicated in the first row.

In Table 4.25, we have listed < x? >=< X?‘alse > —
deviation in < x2 >. This standard deviation (o(< x? >)) is simply the sum of the

standard deviations from the mean values of x7,.,. and X?fal e

< x?.,. > and the standard

hits binning | < x? > 500 yrs | o(< x? >) 500 yrs | < x? > 10 yrs
1 26 10 0.5
3 26 16 0.5
10 35 20 0.7
15 34 20 0.7

Table 4.25: Average x? and standard deviation for different binning schemes.
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A cos# binning, following the raw hits method by Lakshmi et al. was also attempted,
the final values shown in table 4.26. However it provides no additional help in the present

study.

hits x cosf binning | < x2 > 500yrs | ¢ < x2 >500 yrs | < x? > in 10 yrs

10x10 37 42 0.7

15x10 35 45 0.7

Table 4.26: Values of average x? with standard deviation as the error in varying number
of bins. The two rows refer to (a) 10 hits bins x 10 cos # bins; (b) 15 hits bins x 10 cos

0 bins. The values are also scaled down to 10 years.

In the above calculations, we assumed that NH is true. The results for the case where

IH is true are very similar.

4.9.6 Physics Confirmation from Fluctuationless Sample:

The presence of the MC fluctuations is very much evident in the event samples gener-
ated by Nuance. So, one must exclusively confirm the presence of effects due to matter

oscillations in a fluctuationless sample of v, CC events.

Generation of the Fluctuationless Sample:

Initially, a 500 years data sample is generated using Nuance without any oscillation
and a unitary mixing matrix. This gives us a 500 years unoscillated v, sample and a
500 years unoscillated v, sample simultaneously. A duplicate of this pair is prepared,
by interchanging the muon/v, labels to electrons/v. labels and electrons/v, labels to
muons/v,, labels respectively. The former is called the tagged v. set and the latter is
called the tagged v,set. Both the pairs of datasets are simulated using the GEANT4

ICAL code, to save time. Now the oscillated set of events are produced from these four
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sets using acceptance/rejection method. As for example, the oscillated v, events set is

assembled by:

e Calling an event from the original v, set and calculating its survival probability

Py~
e Drawing a random number in {0,1}, say r.
e If ris less than P,,,,, that event is accepted, otherwise rejected.

e Calling an event from the tagged v, set and calculating its oscillation probability

Pue—wu-
e Drawing again a random number in {0,1}, say r;.
e If ry is less than P, ,,,, that event is accepted, otherwise rejected.

The oscillated set of v, events are also produced in the similar fashion. Thus the
NH and the IH set of neutrino events are produced from the same set using oscillation
parameters for Normal Hierarchy and Inverted Hierarchy respectively. This implies, the
difference between the NH dataset and the TH dataset is completely due to the oscillation

process and not any MC fluctuations.

Verification of the Oscillation Probability Calculating Code:

A cpp code is devised to calculate the oscillation probability for a given sign (v/v),
energy and direction of a neutrino. The algorithm is the same as followed by Nuance to
calculate a value of oscillation probability. The well-functioning of the code is verified by
generating the oscillation probability as a function of neutrino energy at different values

of “L”. One of them is shown in figure 4.12.
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Figure 4.12: Variation of the oscillation probability P, _,,., Pu—vps Porvrs Puemu,,
Py, v, and Py, ., (clockwise from top-left) using oscillation parameters for both the
Normal Hierarchy(red) and Inverted Hierarchy(blue) for L=7000km through earth for
energies E,={0,15}GeV.

The probability values match well with the plots, three of which are present in the

paper [136], to the extent of visual estimation of course.

Verification of the well working of both the Oscillation Code and Event Gen-

eration combined:

Two distinct checks have been performed to ensure the acceptability of the entire al-
gorithm. These checks are performed before GEANT4 /simulation, i.e., at Nuance level

information.

e The downgoing neutrinos are devoid of matter effect oscillations. Hence the value

of x? calculated between the downgoing events in the NH and the IH event sets
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should be ideally zero. The value so obtained by our present algorithm is 0.016 for
v, CC events and 0.03 for v.CC events in 10 years for over 5000 bins (~50 E, x100

cosf).

e The values of x? obtained for v,CC events in the energy range E,={1,11} GeV with
20 bins and the varied cosf bins are mentioned in table 4.27. The corresponding
values reported in [7], well agree with them, as shown in the table 4.27. In fact,
the characteristic saturation property of the y? with increasing number of bins is

clearly pronounced.

# cos 6 bins | x? (calculated) | x? (reported in [7])
20 145 138
80 266 256
160 290 300
240 297 345
320 301 363

Table 4.27: Comparison and saturating nature of the values of Poissonian x? of the
devised algorithm with increasing number of bins. These are for v,CC events in energy

range E,={1,11} GeV with 20 bins scaled down to 10 years.

Therefore, the algorithm devised and the oscillated files produced are good enough

to be accepted/considered for further analysis.

Mass Hierarchy informations contained in fluctuationless 1,CC events set:

The same exercise as in case of v,CC (the second bullet point above) is applied on the

sets of NH and IH oscillated v,CC events. The Poissonian as well as the Gaussian method

of calculating x? is used and listed in table 4.28. A minimum of 5 events in 500 years
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are retained in each bin. The Gaussian method has already been described earlier. The

Poissonian way of calculating x? is as follows:

#N Hevts

X2 = 2(#IHevts — 4N Hevts) + 2(4N Hevts) T Heuts

) (4.3)

# cos 0 bins | x? (Poissonian) | x? (Gaussian)
20 18.8 16.3
80 29.6 24.3
160 38.6 31.0
240 47.7 37.6
320 53.4 42.4
480 58.2 47.9
960 55.3 49.9

Table 4.28: Comparison and saturating nature of the values of x? of the devised algorithm
with increasing number of bins. These are for v,CC events in energy range E,={1,11}

GeV with 20 uniform energy bins scaled down to 10 years.

The characteristic saturating effect of x? shows that the v,CC events set contain
genuine physics effects. In fact, one can extract a MH x? contribution of ~50 in 10

years from the ICAL detector, if it is properly tapped, i.e. an ideal detector case.

Selection cuts are applied on this fluctuationless dataset. Due to the absence of the
fluctuations, one can attempt the finest possible binning scheme. In such case of finest
hits bins only, the maximum y? available is 25.6 in 500 years, or rather scaled down to
~0.5 in 10 years.

In the above calculations, we assumed that NH is true. The results for the case IH is

true are very similar.
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4.10 Conclusion

Though track containing 1,CC events are the primary data for ICAL detector, a larger
fraction (larger w.r.t. the reconstructable events) will comprise the “muonless” events
(ref. table 4.15). Two very important and tempting event samples are contained in it:

the v,CC events and the NC events.

4.10.1 Obtaining the v,CC pure sample at ICAL

The several selection criteria devised in section 4.4.2 improves the purity of v,CC sample
with ~40% contamination of the non-v,CC events.

It has also been noted that, with an increase in purity of the sample, the sample-
size decreases, and so does the fraction of vertical events. So, an optimization is required
between the purity and the sample size, depending on the physics we would like to extract.

Depending on the constraints used, one can obtain a neutrino data sample with
the purity of v, events varying between 53% to 68% with 300 to 15 events per year
respectively. Thus, with appropriate combinations of such cuts we can select an event
sample of v,CC purity of ~ 60% in a sample size of ~ 100 events per year.

Application of the upper layer cut of 5 ensures that the information available from
these muonless events is independent from that in the conventional analysis of v,CC
events. Events beyond this 5-layer range comprise mostly of v,CC events, with just 10%

background due to the muonless events.

4.10.2 Contribution of muonless events in determining neutrino mass

hierarchy

The contribution of the muonless events in determining the neutrino mass hierarchy is
not zero, rather ~1 (X%Oyrs)‘ But the statistical fluctuations in the data are too large for

this contribution to have a significant effect.
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Characterization of the incident neutrino

This chapter attempts to suggest a way to read the kinematics of the incoming neutrino
in a muonless event. We first suggest a way of an approximate calibration of the neutrino
energy with the observable parameters. Then, we also attempt to estimate the direction
of the neutrino. We mostly distinguish an upgoing from a downgoing neutrino, and
avertical from a horizontal neutrino, and finally combine the two to check if we can

estimate the neutrino direction directly.

5.1 Introduction

The magnetised ICAL detector can easily identify the charge of the muon. The energy
and direction of the muon can be estimated from muon track information [10]. In a typical
v,CC event, there are likely to be some hadrons also. The energy of these hadrons can
be estimated using the techniques described in [118]. By combining the information from
the muon and the hadrons, it is possible to obtain an estimate of the neutrino energy
[119] and direction.

The v.CC events produce electrons (positrons) which create a shower in the detector.
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They lose energy very fast and are not able to travel through many layers. The v.CC
events [54] are rather small in number because of the large mass of the 7 lepton. The
7 lepton decays mostly into hadrons and hence these events also look like a shower of
hadrons [120]. The only visible part of an NC event consists of hadrons, because the
final state neutrino escapes detection. Hence, the NC events also look like a shower of
hadrons. In the sample of shower-like events, we must include those v,CC events for
which the muon track cannot be reconstructed.

In this section, we attempt to develop methods to estimate the energy and direction
of the neutrinos which produce such muonless events.

Neutrino interactions are typically described in terms of neutrino energy and direction.
The direction enables us to calculate the distance the neutrino has travelled [121]. Thus
an estimate of the incident atmospheric neutrino energy and direction will allow us to
perform a more quantitative analysis of any physics topic, or at least let us estimate the
kinematics of the incident neutrino.

Using the Nuance neutrino event generator [1|, we generated 500 years data for ICAL.
In generating this data, we assumed normal hierarchy and used the following values
for neutrino parameters: Am3; = 7.5 x 107° eV2, Am3(NH) = 2.51 x 1073 eV?,
Am3,(IH) = —2.43 x 1073 eV?, sin? 015 =0.31, sin” 2013 =0.09, sin? f23=0.5 and d¢cp=0.

The generated events are then simulated in the ICAL detector using GEANT4 [2].

5.2 Energy of the incident neutrino

A more energetic neutrino is expected to give more number of hits in the detector,
distributed among more number of layers compared to a less energetic neutrino. For a
given neutrino energy, an event with neutrino travelling in vertical direction will have
hits in more layers compared to one travelling close to horizontal direction [17]. Also, for
a given neutrino energy, the NC events have less number of hits compared to CC events.

Therefore, the two quantities,
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e number of hits,
e number of layers having one or more hits,

are the basic kinematical variables to be used in the determination of the neutrino energy.
From these we can define additional variables such as average hits per layer (hpl), hit
distribution, etc. We use combinations of these variables to obtain an estimate of the
neutrino energy and direction.

We found that there is negligible correlation between the hits and the neutrino energy,

as can be seen from figure 5.1 or the layers and the neutrino energy, in figure 5.2.

. 2500

2000

- 1500

E nuin GeV

1000

500

Figure 5.1: Hits vs. Energy: Correlation between the incident energy of the neutrino (here

v.CC shown) and the number of hits in the event.
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Figure 5.2: Layers vs. Energy: Correlation between the incident energy of the neutrino (here

v.CC shown) and the number of layers hit in the event.

The variable ‘hpl’ does have some dependence on the neutrino energy but the corre-
lation is too small for it to be an effective parameter for neutrino energy determination.
This is depicted in figure 5.3, where we have considered all events which have number
of hits greater than 10. We expect muonless events to have hits only in a few layers.
Therefore, we further classify events according to the number of layers in which the hits
are observed. For example, events with hits only in one layer, events with hits only in
two layers etc. upto events with hits only in five layers. A majority of muonless events
have hits in five layers or less. If two neutrino interactions of different energies (E, ) give
hits in same number of layers, then the more energetic neutrino should give more hits
than the less energetic neutrino. That is, there should be a correlation between neutrino
energy and hpl, if the number of layers is held fixed. This is illustrated in figure 5.4, for

the case of hits in four layers.
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Figure 5.3: Hits/Layers vs. Energy: Correlation between the incident energy of the neutrino

(here v,CC shown) and the average number of hits per layer in the event, after the cut #hits>10.
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Figure 5.4: Average hits per layer vs. energy, i.e., dependence of number of hits on the neutrino

energy but in a particular layer only, here L=4.

The trends observed in figure 5.4 for v, CC events are also evident in the case of the

NC events and those v,CC events which are confined to a few layers.
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5.2.1 Calibration of neutrino Energy

As mentioned before, we classify events according to the number of layers containing hits.
We have considered values of L (number of layers with one or more hits) ={2,...,5}. For a
given L, we further subdivide the events in bins of hpl (hits per layer) = {(1), (1-2), (2-3),
vy (9-10), ...}. In each of these bins, we have plotted the neutrino spectrum, with the
neutrino energy taken from Nuance. A sample of these plots is shown in figure 5.5, for
L=4. These spectra show a gradual shift in the peak towards the right along the energy
axis, with increasing value of hits per layer. Hence, it appears to provide a reasonable
calibration of the neutrino energy. One requires a distribution function to represent each
of these spectra. A number of fitting functions have been attempted. Landau distribution
is certainly the more obvious one, because it is related to energy loss of charged particles

in any medium [122, 123].
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: Entries 1798 ; Entries 18450 18F Entries 460
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Figure 5.5: Neutrino spectra in different bins of hits per layer (from left): (1), (3,4) and
(9,10), for events giving hits hits in exactly 4 layers (L=4). The spectra are fitted with

Landau distribution function.
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incident neutrino

We describe the Landau distribution by its most probable value (MPV) and its sigma

(o) *. In our fitting procedure, we have imposed certain conditions. A fit is attempted

only for those distributions which have at least a few hundred events. In addition, a fit

is accepted only if the y?/ndf is <10.

Other distribution functions like the Vavilov and a few non-standard functional forms

have also been attempted. The Vavilov distribution, which is the more general form of

the Landau function, fits the spectra well in the bins with moderate values of hits per

layer. In fact, the fit is slightly better than the Landau distribution. But the fit to Vavilov

distribution is very sensitive to the limits on the fit parameters. Moreover, at very low

values of hits per layer and at very high values, Landau distribution gives a much better

fit. Here, we consider the calibration of energy over a very wide range of hits per layer.

So, we prefer to use one common distribution function over the entire range.
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Figure 5.6: Calibration of v-Energy vs. Average hits per layer for L=4, for the NC (+v,CC)
events. (Points representation.) The points are given by the Landau peak positions and the

‘error bars’ by Landau o in vertical scale (the horizontal bars cover the hpl bin-width).

“The correction -0.22 to the peak position which is recommended for fitting in ROOT at lower energies

is neglected here since the error bar covers it [114].
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The nature of the energy deposition is different in each of the three types of neutrino
events considered here. They are grouped under the generic name “muonless” events but
each type has its characteristic interaction properties. The NC events contain outgoing
neutrinos which give no hits. The electrons present in the v.CC events give more hits,
in addition to those by the hadrons. The 1,CC events contain those muons which do
not give identifiable tracks. Since the energy loss in iron is the smallest for muons, v,CC

events are likely to have more number of hits in comparison to v, CC events of the same

energy_

25— ‘

- []nue cC
S 20 [[[] others
5 - %numuCC
(D —
5 15—
S n
: —
LIJ —
C —

5

- NS, e

07I.TA\\\\\\|\\|\\||\\\\\\||\\|\\\\\\\|“I“
O 1 i ’ . 5 6 7 8

avg hpl

Figure 5.7: Approximate Energy calibration of the neutrinos having hits in exactly 4
layers, to visualise all the three types of muon-less neutrino events (v,CC in red, NC in

green and v,CC in blue) all on a uniform scale of hits per layer.

The correlation between the neutrino energy and the hpl is shown in figure 5.6, for
NC events with hits in exactly four layers. The central points are the MPVs of the
corresponding Landau distributions and the error bars are £os of those distributions.
Figure 5.7 shows this correlation for v.CC and v,CC events also in addition to NC

events. The NC events as expected give less hits than the other two event types. A chart
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of energy correlation is prepared in figure 5.8, with “number of layers” counting from 2
to 5. The curve in green is more relevant if we are dealing with an events sample rich in
NC events. The curve in red is to be referred to if we have an events sample rich in v,CC
events [3]. We have verified that a sample of pure v.CC events and a sample of events
rich in v,CC events (with ~ 60% purity) both obey the same correlation plot. The curve
in blue focuses on the v,CC events. It is worth noting that the energy scale increases

with increasing L.
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Figure 5.8: Approximate Energy calibration of the neutrinos having hits in exactly (from
top) 2, 3, 4 and 5 layers. The three types of muonless neutrino events are plotted in
different colours. The v,CC is in red, NC in green and v,CC in blue. Note that the
scale on X-axis is the same for all plots, but the scale on Y-axis (Energy) increases with

increase in L.

For Landau distribution, 68% of the events fall within the range (MPV - 1.02 o, MPV
+ 4.65 o) [124]. This leads to the definitions o1y = 1.020 and onign, = 4.650. The plots
of Ol1ow/MPV and opigh/MPV are shown in figure 5.9 for L = 4. The lower values are
about 0.3 whereas the higher values are about 1.5 for all the cases. For given values of

L and hpl, we can assign the event the most probable value of the neutrino energy. We
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can also estimate the probability of the event having a given energy based on the MPV

and o of the corresponding Landau distribution.
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Figure 5.9: Energy Resolution: Variation of 014w /E, and opign/E, with hpl, for events
giving hits in L = 2, 3, 4 and 5 layers. [E, refers to the MPV of the Landau distribution.|

The resolution plots for all three event types are shown.

5.3 Direction of the incident neutrino

The direction of a neutrino is given in terms of the polar angle # and the azimuthal
angle ¢. The neutrino flux is expected to be symmetric in ¢, except for a small east-
west asymmetry arising due to the earth’s magnetic field. The polar angle of neutrino

is certainly of greater importance because it determines the distance travelled by the
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neutrino, given by the expression L = /(R + h)? — (Rsin )2 — Rcos 6, where R is the
radius of the earth and h is the atmospheric height at which the neutrino is produced
[121]. We see from the above equation that cos =1 (-1) for the vertically up (down) going
neutrinos. To do oscillation physics, we need to distinguish between upgoing neutrinos
which travel thousands of km and down going neutrinos which travel only tens of km.
In addition, it will be useful to distinguish between neutrino events in horizontal and
vertical directions.

In muonless events, there are no tracks to serve as an easy handle in determining the
neutrino direction. Since these events considered have hits in five layers or less, the timing
information may not be useful in distinguishing between upward going and downward
going events. Here we attempt to develop a method to find a correlation between the
hit pattern and the neutrino direction. The following methods are tested with the v, CC
events and are found to work. Both NC events and v,CC events without muon tracks
(those for which hits are limited to five layers or less) also behave in a similar fashion.
Minimal selection criteria may be used to select such event sample [3].

We have checked that the neutrino direction is not particularly correlated to the
number of hits or the number of layers hit. Hence, devising criteria based on hits and
layers or even hits per layer is not effective in finding a way to recognize the angular

information of an incident neutrino.

Algorithms devised for neutrino angle depiction: We have considered the prob-
lem in two mutually independent steps. Firstly, we try to distinguish between the vertical
to near-vertical events from the horizontal to near horizontal neutrino events. Secondly,
we attempt to tell apart the up-going neutrinos from the down-going neutrinos. We have

devised a number of algorithms and tested their efficacy in determining the v direction.
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5.3.1 Horizontal or Vertical Direction

The vertical or near vertical events should have shorter average horizontal spread than the
horizontal or near horizontal events. Having taken this cue, the maximum total spread
of a neutrino event in horizontal plane is studied. This parameter has been discussed
in detail in an earlier section. The maximum horizontal distance, the variable we use
here, is defined to be the maximum value of the horizontal distance of an event. It is
the maximum of projected lengths, on the horizontal plane, of the distances between any

two hits in the event.

cos theta

g il
1 0
mxdist (cm)

Figure 5.10: Correlation between the cosine of incident theta of the neutrino (here v,
shown) and the maximum horizontal spread in an event for the 500years NH data.

E,—{0.8,20}GeV.

From figure 5.10, we see that there is a small correlation between direction of the
neutrino (vertical or horizontal) and the maximum horizontal distance. The neutrinos
incident in the vertical cone (extreme ends of the cos @ axis) have less horizontal spread
than the ones in the horizontal cone (central part of the cosf axis). For example, an

upper cut of 30 cm on the maximum horizontal distance, gives above 75% vertical events
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(|cosf| > 0.4 or those within a cone of angle 65° about the vertical direction) in the

selected sample.

5.3.2 Up-going or Down-going neutrinos

The muonless events do not travel through many layers, unlike an event with a muon
track. So, one needs to find a method/way to tell apart the upgoing neutrinos from the
downgoing ones, in order to extract better physics information.

A number of criteria, based on the timing of the hits, were tried. But they were not
very useful because most of the events in the muonless sample have all the hits contained

within five layers or less. However, we describe a few such criteria as follows.

Algorithms using the timing information:

In the first case, the difference in the time stamp of hits in the topmost layer and the
bottom most layer is considered. If it is positive then the event is considered downgoing
whereas it is negative for upgoing events.

In the second case, the difference in the time stamp of hits between adjacent layers
is classified as being positive or negative. If the number of positive differences is more
than the number of negative differences, the event is called downgoing else it was called
upgoing.

Both these criteria work more efficiently for events with hit layers > 6. But unfor-
tunately,the v,CC sample size mostly contains events with layers hit of < 5. A third
criterion based on the number of hits was found to be more promising. We assume hits
in at least three layers and demand that the hits in the top two layers should be more
(less) than the hits in the bottom two layers for the down (up) going neutrinos. It was
found that 56-58% upgoing events can be identified by this criterion. But simultaneously
about 34% of the downward going events also get misidentified as upward going v, events.

The algorithm however seems to work more efficiently for higher layer cuts, specially

above 6 layers. Unfortunately, the v, CC sample size falls very low at such ranges of
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selection.

Algorithm using the distribution pattern:

The algorithm using the hit distribution pattern can finally select upgoing neutrinos to
an efficiency of 70%, and is described as follows. Assuming the number of hits across the
layers as a type of distribution, their mean and the standard deviation from the mean
(rms) are calculated. The details of this calculation are explained in the earlier section.
These values of the mean and the rms of the layerhits distribution (figure 4.5), hardly
show any dependence on the direction of the neutrino. But the ratio of layer-hits mean
to layer-hits rms (“MRatio”) shows a dependence on whether a neutrino is upgoing or
downgoing, as seen in figure 5.11. The figure clearly shows that the lower values of this

variable called MRatio selects mostly upgoing events and vice versa.
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Figure 5.11: Correlation between the cosine of incident theta of the neutrino (here v,

shown) and the ratio of layer-hits mean and rms in an event for the 500 years NH data.

E,—{0.8,20} GeV.
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5.3.3 Estimation of the neutrino cos(theta):

The ratio of layer-hits mean to rms (“MRatio”) gives a way to distinguish the upgoing
neutrino events from the downgoing ones. The maximum horizontal distance (“mxdist”)
provides us with the ability to separate vertical events from the horizontal events. We
have attempted to find some correlation between the two of them. 2-D histograms of these
variables show gradual shifts in the peak positions of such distributions, in varying bins
of neutrino direction. Figure 5.12 shows some of them. The 2D projection of the surface
plot, of each of these distributions, show them to be symmetric along the MRatio-axis

and asymmetric along the mxdist-axis, with a tail towards higher values of mxdist.
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Figure 5.12: Correlation of MRatio and the mxdist, for v,CC events in bins of cos theta (here

only some of them are shown), for the 500 years NH data. E,={0.8,20} GeV.
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The left hand side panel in figure 5.12 shows distributions of the upgoing neutrinos
in a few selected bins of cosf. The right hand side panel shows the same for the down
going neutrinos. The comet-like distribution (tail more notably) has shifted from left (in
figures of the left hand side panel) to the right (in figures on the right hand side panel),
along X-axis, i.e. in the direction of increasing MRatio. The head of the “comet” moves
downwards (towards smaller values of mxdist), as one goes from the top to the bottom
of these set of panels (as cosf varies from vertical to horizontal) in figure 5.12.

The directional information conveyed by these two variables independently, may be
combined to obtain the resultant neutrino direction. Hence, one can present a calibration
of cosf vs. MRatio and mxdist in 3-dimensions.

The 2-Dimensional histograms can be fitted with appropriate surface distribution
functions. The peak of such a fitted function gives us the coordinates for the 3D-
calibration plot. The errors can be quoted from the sigma of those peaks. Looking at
the comet-like distribution from figure 5.12, one may propose a Gaussian distribution fit
along X-axis (MRatio), and a Landau distribution fit along Y-axis (mxdist). Figure 5.13

shows such an example.
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on the YZ projection of the plot.

The angular estimation can thus be done in terms of a 3D-calibration plot of MRatio
along X-axis, mxdist along Y-axis and costheta along Z-axis, as in figure 5.14. The X-
axis contains the Gaussian mean of the MRatio with + Gaussian sigma as the standard
deviation, in that costheta bin. The Y-axis contains the Landau peak position of the

maximum spread with + Landau sigma as the standard deviation. The costheta is along

Z-axis with binwidth of 0.05.
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Figure 5.14: “The Skewed-Hair-pin Structure”: Calibration of cosf with respect to the
plane spanned by the layer-hits mean to rms ratio and maximum spread, for the 500 years NH

data (here v, shown). E,={0.8,20} GeV.
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Figure 5.15: The X-Z projection of the figure 5.14, i.e. gaussian fitting of the distribution.
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The X7 and YZ projections have been shown in figure 5.15 and 5.16 to help in
visualising figure 5.14. But the estimation of the angle is preferably made from the 3D-
Calibration Plot in figure 5.14. As we see from figure 5.16, mxdist gives a reasonable
estimate of the modulus of cosf. Then we can use MRatio to break the degeneracy

between the up and down going events.

5.4 Conclusion

An effective method has been devised to estimate the energies of the neutrino events which
give no clear muon track. The energy of the incident neutrino can be well estimated by
following the approximate calibration curves in figure 5.8. If the event sample contains
equal proportions of v.CC, NC and v,CC events, then the uncertainty in the estimated
energy is rather large. However, it is possible to choose event samples which are rich in
v.CC or in NC events [3]. For those muonless samples, it is possible to get a good energy
estimate.

One of the important types of such muonless events is the NC interaction. It must
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be remembered that NC events have an outgoing neutrino, which does not leave any
signature. So, this method serves as an eventual solution to estimating the energy of
such incident neutrinos.

The energies of the neutrinos in case of the muon-track containing events can be
determined from the muon track information added to that from the hadron energy
calibration. Now, with the present method, one can estimate the energies of neutrinos
that do not give muon tracks, i.e., the Neutral Current interactions, v,CC interactions
as well as v,CC events which lack identifiable muons. Hence, to sum up, we can
estimate the energies of all kinds of neutrinos (active) that are detected by
the INO-ICAL Detector.

We can even make a crude estimation of the angle or direction of the incident neu-
trino for muonless events. The two variables, mxdist and MRatio have been defined
to get this estimation. Mxdist can distinguish the vertical/near-vertical events from
the horizontal /near-horizontal events, which leads to a degeneracy between upgoing and
downgoing events. MRatio removes this degeneracy and makes it possible to get an

approximate estimate of the neutrino direction.

123



Inclusion of GENIE as Neutrino Event Generator

for INO ICAL Code

This chapter aims to report the elaborate process of incorporating the GENIE Monte
Carlo generator in the INO-ICAL simulation algorithm. We first state the necessity
of such a step in INO, and then the various drawbacks that one will face in using the
readily available version of GENIE. We finally discuss the solutions that we’ve included

to overcome those impediments.

6.1 Introduction

Every neutrino experiment requires to analyse its probabilistic results obtainable from
the real data. Monte Carlo neutrino generators are dedicated random number generating
programs that mimic the interactions of the neutrinos with electrons, nucleons or nuclei
[125]. These generators are essential components of an experiment, in order to be able
to analyse the real data and extricate the physics information most effectively. The
MC neutrino generators use the known physics processes while generating the neutrino
interaction. Any deviation from the predicted results in the experiment may lead to a

new physics search or required amendments in our knowledge. Hence, these generators
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play a vital role not only in the analysis of the experimental data, but also bridges the

difference between the theory and the experiment.

6.2 INO and GENIE

The ICAL detector at INO is dedicated to study the atmospheric neutrinos. The pri-
mary aim of ICAL is to determine the ordering of the neutrino mass hierarchy. Other
physics possibilities are also important subjects of study at the ICAL. Therefore, a well
suited neutrino interaction generator is necessary for the simulations of the atmospheric
neutrinos in ICAL.

GENIE is a program (or a package) written in C++, using 350 classes. It makes
appropriate applications of the hadronization models, the principles of nuclear physics,
and various other physics phenomena in their corresponding ranges of validity, and con-
tinues to evolve while attempting to smoothen out the merging and tuning of the models,
avoiding double counting or discontinuities. The applicability of GENIE extends to all
nuclear targets and neutrino flavors with energies from MeV to hundreds of TeV energy
scales. So, naturally it needs to take care of elementary cross-sections, which it does by
accepting an external .xml file. This list of cross sections is also generated by GENIE by
considering the neutrinos of different energies impinging on every possible target element
present in the detector.

The GENIE event generator gives the output in a standard root file in GHEP (STDHEP-
like) event record format [5]. It also provides a conversion option to convert the standard
format to conventional and customised formats like the Nuance format, or the format
required by T2K [131], NuMI [82] etc.

The incorporation of GENIE as neutrino event generator for INO ICAL code [2]| has
become a necessary task, owing to the absence of further updates in Nuance. Hence the

change is required to ensure better simulation/phenomenological studies in INO.
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6.3 Shortcomings for INO usage

GENIE as explained briefly in the earlier section, is itself a ready-to-go neutrino event
generator software and one can use it independently. However, with the need arising
to use GENIE instead of Nuance in the INO simulation algorithm, it requires to make
certain modifications in the source code, preferably to make a “GENIE-INO user-friendly
package”, which can be used with ease, to generate neutrino events. These events can
then be directly used for simulations by using the already existing ICAL code [2]. One
may also use the same for analysing/studying physics, without GEANT simulations, if

one wishes to.

6.3.1 Azimthal angle dependence of the flux

GENIE makes use of the two dimensional v-flux information in E, and cos@ bins (2D).
INO flux tables by HONDA [6] show ¢ dependence also, as shown in figure 6.1 °. The non-
uniformity in the azimuthal angle distribution is very strong in cases of E, ~1 GeV, and
fades out for energies beyond E, >10 GeV. ICAL is significantly sensitive to neutrinos
in this range, i.e. E, ~1-10 GeV. So, one must not leave the azimuthal information

untapped.

5Tt must be noted that the atmospheric neutrino flux used in all other chapters is of the SK site, a
convention so far followed by the INO Collaboration, apart from using Nuance. The INO flux tables are
recently given by Honda et. al. This chapter involves the responsibility of not only replacing Nuance
with GENIE, but also use the INO flux table in the future INO simulation/phenomenological studies.
So, this chapter uses the flux tables given by Honda for the INO site.
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Provided ICAL reconstructs the azimuthal angle of the incident neutrinos to signifi-
cant accuracy, we can attempt to observe and study the east-west effects of the flux over
the periods/seasons. The low energy charged particles (mostly positive) of the cosmic
origin, which enter the atmosphere, get more suppressed in the east direction due to
presence of the magnetic field of the earth, than in the west. The following schematic in

figure 6.2 demonstrates this fact.

Primary
Cosmic
Ray

Geomagnetic Field

Forbidden
Trajectory

Allowed
Trajectory

Figure 6.2: Schematic diagram of primary cosmic rays being deflected by earth’s mag-

netic field |7 |.

The asymmetry, A can be measured hoping to reproduce the results by SK as per the

definition [132]:
~ Ng— Nw

== "~ 7 6.1
Ng + Nw (6.1

where, Ng (Nw )= number of events for neutrinos travelling towards east (west).
The effect of asymmetry is observed in case of low energy neutrinos from the atmo-

spheric origin. The cosmic ray particles which enter the atmosphere and their secondary
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products /K are charged particles, and hence deviate from their original paths due to
the geomagnetic field of the rotating earth. The average drift in the path of an elec-

tron/positron is generally given by [133],

B qh®B sin

g= 4 ZHnX
2F, cos? 0

(6.2)

where, x is the angle between the field B and the original velocity of the particle v, g the
electric charge, h the average vertical height of the electron path, F. the average energy
and 0 the zenith angle. Similarly, drifts are experienced by the /K and the pFs in the
earth’s atmosphere. Thus, observing the azimuthal angle distribution in different bins
of the neutrino energy and cos @, one can study the changes in the earth’s geomagnetic
mapping, although to a crude approximation.

The orientation of the ICAL detector makes an angle ~45° w.r.t the geographical
east direction. Therefore, GENIEQINO should include all such directional information

(3D).

6.3.2 Low flux at higher energies

The cosmic rays power spectra falls as % ~ E,7, where v ~2.7 in our concerned range.

Likewise, the neutrino flux falls rapidly with energy. However ICAL is interested /sensitive
to neutrinos with energies ~1-10 GeVs. Mass hierarchy discovery potential is large for

events with energy of a few GeV. The flux at these energies is rather low, as in figure 6.3.
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Figure 6.3: Energy-distribution of incident atmospheric neutrinos.

GENIE contains provisions for weighted event generation for the neutrino beams
incident on the target. No such option has been made available for the atmospheric

neutrino event generation.

6.3.3 ICAL-customised output

Every experiment has its own objective and methods of analysis. GENIE has provisions
to give the output into customised formats for different experiments like T2K, NuMI,
JPARC etc. Simulations for the INO experiment require the output in its own facilitating

format. This demands us to develop an exclusive format for INO.

6.3.4 Event Generation for a certain Exposure Time

Atmospheric neutrino experiments like INO are required to decide their runtime, which
largely (though indirectly) depends on the length of exposure of the detector to the
atmospheric neutrino fluxes. GENIE has been used to generate a fixed number of v
interactions. There was no effective provision to generate the atmospheric v events for a
certain exposure time. This is a very necessary aspect for atmospheric neutrino experi-

ments.
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6.4 Solutions

In order to overcome the shortcomings mentioned in the earlier section, we modify the
GENIE source code to include the following aspects. This not only results in a “ready-to-
go” GENIE@INO package but also ensures a better understanding of the neutrino event

generator being used at INO.

6.4.1 Accept the azimuthal angle information in flux tables

The Nuance@INO has so long been using the SK flux, which has energy (E,) and cos 6,
dependence only, i.e. the flux is averaged over the azimuthal angle. However, the Honda
flux at INO site contains the dependency of the flux on the azimuthal angles too, divided
into bins of 30° each. GENIE had the provision to use the former type of flux files, be
it the FLUKA [106] format or the BGLRS [134] format. So, in order to include all the
available information into ICAL studies, the source code of GENIE has been modified to
read such flux files which contain azimuthal angle dependencies too. It has been checked
that there is an observable variation of neutrino flux along the phi direction, which is

shown in the figure 6.4.
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Figure 6.4: Phi-distribution of incident neutrinos at ICALQINO with the 3D flux given

by Honda at the INO site, summed over all cos 6.

The phi dependence of the flux gives a non-uniform phi-distribution at the ICAL
detector, as in figure 6.5. (Please note the inversion of ¢ distribution, which is due to

the convention of inverse coordinate system in ICAL with respect to HONDA coordinate

system.)

Significant difference can be noted if the 3D enhanced information is used, instead
of the flux averaged over phi (2D). The 2D distribution is comaparable to that of the
neutrinos around or above 10 GeV for the 3D case, as shown in figure 6.6. The ICAL

detector is sensitive to neutrinos above 1 GeV, where the signature of the phi is well-

realisable.
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Figure 6.5: Phi-distribution at ICAL@INO with averaged over phi flux vs. the 3D flux,

both by HONDA at INO site.
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Figure 6.6: Phi-distribution at ICAL@QINO with the 3D flux: Comparison of the phi-

distributions for relevant energy ranges.

So, inclusion of the phi dependent flux information is absolutely necessary for the
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study of atmospheric neutrinos at INO.
Besides the already available flux-file options, FLUKA and BARTOL, we introduced

a third option called FLUKAS3D to include this 3D flux information.

6.4.2 Weighted Event Generation of atmospheric neutrinos:

The neutrino flux being very high at low energies, the fraction of the total number of
events in the high energy range is less. If one is interested in studying the effect of
these high energy events, along with the lower energy ones, one faces the problem of low
statistics in the higher energy region, or may tediously generate events in different energy
bin and then merge them according to their cross-section. So the option of weighted
atmospheric event generation is introduced. The optional tag “-w < ## >” (without
quotes and braces) in the “gevgen atmo” command ® generates the events with the
flux multiplied by the energy raised to a power “#7#” instead of zero. The minimum
and maximum limit of the weight values have been set to be {-1.,5.}. The default is
undoubtedly 0. However, it is suggested to keep the weight values limited between 0.
and 2.2. If weight values above this range are considered, the number of events in the
lower energy range reduces tremendously. This effect is not wanted for studying the
events at the INO detector. A comparison of generated neutrino spectra with different
weights is shown in figure 6.7 and the underlying algorithm used for achieving so is

mentioned in steps in figure 6.8.

61t is the command name used in GENIE to generate atmospheric neutrino interactions.
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Figure 6.7: Comparison of the energy distributions of the generated neutrino events

using different weight values.
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Figure 6.8: Flowchart of the changes made to ensure weighted atmospheric event gener-

ation.

The individual event weights, i.e the energy raised to the power of the weight value, as
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well as the energy-weight histogram (in case one would want to calculate the implemented
weight values for an energy independently) is made available in the modified GENIE

output file.

6.4.3 Exclusive Output Format for INO

The GENIE output is first written in a not-so-easily-readable root file called the “ghep.root”
file, and then contains the option of converting it into various generic formats like “t2k-

root/txt format”, “numi-format”, “nuance-tracker” format etc. Every format contains

parameters as per the requirement of the particular experimental studies. A new option

“nu_INOGEN _rootracker” has been introduced to obtain the output in a root format

customized for INO-ICAL code. Unlike the standard GENIE output in SI units, the

modified output has the lengths in mm, time in ns and momenta or energy in MeV,

which is the default unit of the GEANT4.

This output file can be directly fed to the ICAL code. Hence, necessary changes are
also made in the ICAL code. The INO-ICAL output format is also improved alongwith,
as depicted in figure 6.9. As some added advantage, the interaction identification (id)
codes have been made directly available as another parameter against every event. The
target nuclei pids and the the kinematics of the unstable particles have been enlisted too,
in case one might be interested to look into them. (For easy identification, the unstable
particle identification (pid) have been set to zero in the output for ICAL, but the pid is
available in the GENIE output.)
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Figure 6.9: The INO compatible GENIE output root file “iGE _op.root”. New variables
like the particle identification numbers of the target nuclei and the unstable particle

information, interaction types etc. are also enlisted in this new root version.

6.4.4 Activating the Exposure-time option

The provision to generate the atmospheric v events for a certain exposure time has now
been introduced. We can now generate the v-interaction data for any length of exposure
to the atmospheric neutrinos, using any detector geometry.

We use the following method to calculate the number of interactions. For a mate-
rial with density p and pathlength 1, atomic number A, interaction cross section o and

Avogadro’s number N4, the number of interactions is given by

% ,Ol X k‘NA‘

o(Ey) A

(6.3)

Summing over all the materials present in the detector, we get the number of interactions

is given by
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> fo(m) < (6.4)

material

Given the incident flux of neutrino ® has very small dependence on the cosf and ¢,

d3® do
——dF = AndE .
/// dEVdCOS(gdq5d d cos 0d¢ /dEV TdE, (6.5)

and given the fact that the generator will shoot the neutrinos from a virtual disc of

we take

radius Ry, which covers the entire dimension of the detector, we shall take an average
over n times of calculating this rate of interactions. The source of the neutrinos, i.e. this
disc is considered in different directions, covering the full solid angle around the detector.

So, this finally leads us to the following equation,

y N
N =30 5D cos 026 material % x o(E,) x 22554 < AF| .2 4r.nR% (6.6)

where, N=Rate of interactions, n=number of iterations, Rr=Radius of the hyper
surface of the neutrino gun of the generator.

As a primary check, we tally the number of events generated by Nuance and GENIE
for the same exposure time in table 6.1. It must also be remembered that the Nuance
event numbers shown are generated with the input of neutrino flux for the SK site, while

GENIE uses that of INO.

v-Sample ~Nuance number | ~GENIE number
v, only 5042 5684 (2D), 5504 (3D)
Uy + Upytve + U 9947 11529 (3D)

Table 6.1: Comparing the number of events with Nuance (1 yr)

We also checked the 3D numbers (event rate for the azimuthal angle dependent flux)
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against different weight values, in table 6.2. The scaled equivalent is the number of
generated events weighted with the inverse scale factors, which was used to change the
neutrino flux, E™% for different weight factors, for one of them is also shown in table 6.2,

where total number of iterations used to do this calculation is 10000. The total scaled

events set 1s ~3.1 times the true number for w=2.

weights

0

0.5

1.0

1.5

2.0

3.0

Vy +Uy+Ve + Ve

11529

11681

11759

11865

11746

11596

Table 6.2: Consistency check with different weight factors to obtain the number of events

in one year. The scaled equivalent for the w=2 case is 35281.

We require to decide the number of iterations (in eqn. 6.6) to have an accuracy better
than 1%. As can be observed from figure 6.10, the variation in the value of calculated

rate of interactions is 0.3%, for number of iterations beyond n=2x107. So, we can use ~

2x107 iterations to calculate an acceptable value of rate of interactions.
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Figure 6.10: Expected flux rate for different number of iterations along the x-axis. The

colors represent the execution of the program with different seeds.

6.5 Conclusion

The neutrino event generator is a vital component in the simulation studies of a neutrino
experiment. INO has chosen to adopt GENIE as the neutrino event generator, after
having used Nuance so far. This required us not only to make an INO-user friendly
version of GENIE, but also led us to include four new options in the GENIE code, three
of which may also be used for any other atmospheric neutrino experiments. So, the 4 new
options in the GENIE neutrino event generation, which are available at the GENTEQINO

version are:
o FLUKAS3D: To include the 3D atmospheric neutrino flux information
o - <energy-weight>: Option for weighted atmospheric event generation

e nu_INOGEN _rootracker: Command to get exclusive INO-customised output
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e -¢ <No. of years>: To generate events for a desired exposure time of the detector.

Thus, we not only have the GENIE@QINO package ready to go but also prepared to

accomodate any kind of format of flux-files in GENIE.
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Improving the hierarchy sensitivity of ICAL using

neural network

7.1 Introduction

The main objective of ICAL@INO is to determine the neutrino mass hierarchy through
a study of the atmospheric muon neutrinos. So, the primary data for the ICAL are the
v,,CC interactions, with identifiable muon tracks.

This chapter involves the study of these v,CC events in ICAL. We aim to improve the
hierarchy determination sensitivity of ICAL, by the implementation of the multi-variate

tools.

7.2 Physics Motivation

When a neutrino passes through a medium, its propagation gets modified due to the
coherent forward scattering. All three flavours undergo this scattering due to neutral
current (NC) interactions whereas only v, has an additional scattering amplitude due to
charged current (CC) scattering off electrons [26, 27]. The scattering amplitudes give rise

to potential terms in the evolution equation. Since the NC interactions of all flavours
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are identical, the NC potential term does not lead to any modification of the oscillation
probabilities. The CC potential term can lead to observable changes in the oscillation and
survival probabilities. For the muon neutrino survival probability, P,,, a large change is
possible only if Am%, is positive, which corresponds to normal hierarchy (NH). For Am3;
negative, called inverted hierarchy (IH), the change in P, is negligible. For anti-neutrino
the situation is reversed. The changes in the muon neutrino (or anti-neutrino) survival

probability are significant when the following two conditions are satisfied [24]:

Am2 cos2013 ~ +2EVge, (7.1)
Am2, sin 26,31
sin? (1.27@) ~ 1, (7.2)

where F is the energy of the neutrino, Voo is the potential due to CC scattering and L
is the pathlength of the neutrino. The Wolfenstein matter term A = 2EVg¢ (in eV?)
is given by 0.76 x 107%p (in g/cc) E (in GeV), where p is the density of the matter
through which the neutrino propagates. For Am2; ~ 2.5 x 1073 eV2, eq. (7.1) is satisfied
for pE =~ 33. For the density 5 gm/cc of earth’s mantle, the corresponding energy is
E =~ 7 GeV. Substituting this in eq. (7.2), we obtain a pathlength L of the order of a
few thousand km. A large majority of upgoing atmospheric neutrinos pass only through
earth’s mantle hence the conditions mentioned above are the most relevant. Thus, we find
that there is a broad range of energies around 7 GeV and a broad range of pathlengths of
a few thousand kilometers for which there is an observable change in the muon neutrino
survival probability [24]. However, these changes can be measured and hierarchy can be
determined only if the detector has good energy and direction resolutions [135].

The plots of the muon neutrino survival probability P, for atmospheric neutrinos,
as a function of neutrino energy, are shown in figure 7.1 for various different values of

cos 6., where 6, is the zenith angle.
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Figure 7.1: Oscillation probability plot P,,, for neutrinos at different zenith angles for

both hierarchies (top panel). Difference between the values of P, in the NH and the IH

conditions (bottom panel).

From these plots, we note that the signature for the neutrino mass hierarchy is most

prominent in the energy range E, > 4 GeV and for cos6, > 0.5. Hence, for the purpose

of hierarchy determination, v, CC events in the wvertical cone (i.e. with |cos6.| > 0.5)

with E, > 4 GeV should be considered as the signal events and all other events should

be termed background. It is imperative to develop a procedure by which it is possible to

select the signal events with high efficiency and purity. In this chapter, we develop such

a procedure based on neural network.
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ICAL has a good ability to identify muon tracks, from the pattern of hits in successive
layers, and determine the energy and the direction of the muons with good precision [10].
In the present case, our signal events are v,CC events in the energy range of approx.
4-10 GeV, which are in the vertical cone. These events are expected to have long muon
tracks passing through many layers. The background events come from sources: (a) low
energy v, CC interactions, (b) v, CC interactions where neutrino direction is close to the
horizontal, (c) v.CC events and a small number of v, CC events and finally (d) NC events.
A large number of these background events do not give clear muon tracks. We aim to
select a set of events which is highly rich in signal events. These events will have long
muon tracks which can be recognized in a straight forward manner. We will utilize this

fact to design criteria to separate the signal events from the background.

7.3 Simulations and Event Generation

We exploit the energy and the direction information of the neutrinos given to us by
Nuance, in order to devise/develop the selection criteria. The selection criteria, whose
development is described in detail in the next section, depend only on the visible char-
acteristics of the v-events in the detector, i.e. the output parameters given by GEANT4
simulation. The neural network is trained with a selected set of events. This trained
network is then applied to a random set of events. It assigns a probability to the event,
denoting how close it is to a perfect signal event. The signal-like events are finally chosen
based on this value. The choice of the cut is such that the signal selection efficiency and
the signal purity are significantly high.

In all the calculations done using the kinematic information of muons only, the fol-
lowing procedure is used. Atmospheric neutrino interactions for a huge exposure are
generated by Nuance. The v,CC interactions from these simulations are isolated and
binned in terms of E,, and cos ,, values given by Nuance [11]. This data set is modulated

by the following quantities which are obtained from GEANT4 simulations:
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Muon track reconstruction efficiency

Charge identification efficiency

e Muon energy smearing

Muon direction smearing

In all the previous analyses, the energy and direction of the muons are estimated from
the Nuance simulation using the above procedure. In our analysis, we propagate every
event through the GEANT4 package. The signals generated by GEANT4 simulation are
input into the ICAL reconstruction code [9], which gives the “measured” energy and the
direction of the muon. This study is an attempt of hierarchy determination at [CAL with
full detector simulation.

In the previous section, we argued that events with £, > 4 GeV and cosf, > 0.5
have the best hierarchy sensitivity. However, neutrinos over a very broad range of energy
and over the full zenith angle range interact in the ICAL and produce observable events.
Our job here is to develop a procedure to distinguish between the events with good
hierarchy sensitivity and those without. Hence neutrino events over the full detectable
range of energy must be simulated. Using NUANCE, we have generated 500 years of ICAL
data in the energy range E,= {0.1,100} GeV, under the assumption of no oscillations
(NOOSC). The data consists of all types of interactions of all active neutrino flavours.
The generated events are then propagated in ICAL using a Geant4 simulation of the
detector [2]. The pattern of hits thus generated are used to first identify the muon track
and then reconstruct its energy F,, and the cosine of its zenith angle cos 6, [9].

We have computed neutrino survival and oscillation probabilities for NH and for TH
using the following values of neutrino parameters: Am3, = 7.5 x 107> eV?, \Amgff\ =
2.47 x 1073 eV2 (ie. AmZ (NH) = 2.51 x 1072 eV2, AmZ (IH) = —2.43 x 1073 eV?),
sin® 619 = 0.31, sin® 2013 = 0.09, sin® fa3 = 0.5 and dcp = 0. From the NOOSC data set,

we construct NH data set using the accept-reject method, described in detail in section
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4.9.6, with the NH probabilities as reference. The IH data set is also constructed in a

similar manner.

7.4 Selection Criteria

We first select only those events with hits in more than five layers (L > 5). This lower
limit on the number of layers is chosen to optimize the reconstruction efficiency of the
muon tracks [9]. This cut also has the advantage of eliminating most of the background
due to the non-v,CC events. About 90% of the events selected after this cut are v,CC
events [3]. We want the neural network to select signal events with high efficiency and
good purity. We need to choose appropriate input variables for the neural network to
achieve this aim. We consider a number of such variables and study their ability to
distinguish between signal and background among the v,CC events passing the L > 5
cut. For this study, we divide these events into four subsets based on the neutrino energy

and direction, using the information from the event generator.
1. Signal events: F,: 4-100 GeV and |cos 6| > 0.5,
2. High energy horizontal events: F,: 4-100 GeV and |cosf,| < 0.5,
3. Low energy vertical events: E,: 0.1-4 GeV and | cos8,| > 0.5,
4. Low energy horizontal events: E,: 0.1-4 GeV and |cos6,| < 0.5.

We do a systematic study of the effect of various discriminating variables, listed below,
on each of these subsets. We have checked that these variables discriminate against
non-v, CC background very effectively. The counts of the signal events and background

present in the sample are shown in table 7.1.
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Total Total

signal events | bkg. events

~1.2 x10° ~6.3 x10°

Table 7.1: Signal and background events in 500 years of NH dataset (generated with seed
1) in E,={0.1,100} GeV, with the preliminary cut of Layers>5. Signal defined: E, > 4
GeV and cos @, > 0.5.

7.4.1 Hits

Low energy neutrino events give less number of hits compared to the high energy events.
Hence, the number of hits is a measure of the energy of the neutrino as illustrated in
figure (7.2). This variable is quite effective in distinguishing high energy events from low
energy events but not for distinguishing vertical events from horizontal events.

Figure 7.2 shows that the signal-like events (top-left) give more hits than the low
energy neutrino events (bottom row). The high energy horizontal events too give com-
paratively lower number of hits, if closely observed. This is due to the fact that the

particles effectively travel through larger lengths of iron in the horizontal direction.
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Figure 7.2: Hits Distributions for v,CC events with L>5, for the NOOSC 500 years

dataset. The top left plot shows the distribution for the signal events (red).

7.4.2 Layers

This parameter refers to the number of layers in ICAL, which has received one or more
hits in an event. The high energy vertical neutrino events give hits in more number of
layers than the low energy /horizontal events. This is evident in figure 7.3. So, the vertical
v,CC events containing high energy muon tracks give hits in a larger number of layers

than the other event types.
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Figure 7.3: Layers Distributions for v,CC events with L>5, for the NOOSC 500 years

dataset. The top left plot shows the distribution for the signal events (red).

7.4.3 Maximum horizontal spread of an event (maxdist)

The energetic but near horizontal muons have a larger spread on the horizontal plane

than the vertical (or near-vertical) events. The horizontal spread between a pair of hits

is given by D = \/((za —21)2 + (y2 — y1)?). We calculate D for every pair of hits in
an event and define its maxdist to be the maximum value of D [3]. The maxdist is quite
large in case of high energy horizontal events and is moderate for the other three types

of events, as can be seen in figure 7.4.
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Figure 7.4: Maxdist distributions for v,CC events with L>5, for the NOOSC 500 years
dataset. The top left plot shows the distribution for the signal events (red).

7.4.4 Singlets

A high energy vertical muon passes through a number of layers. Any hadron produced
in the same event will pass through a much smaller number of layers. Therefore, in a
high energy vertical event, there will be only hits due to the muon tracks after the initial
few layers. For these later layers, we expect one or two hits in a layer. Almost all signal
events must contain one or more layers with a single hit. The passage of a muon through
an RPC can produce a hit in a single strip or hits in two adjacent strips. Therefore, we
define a layer with a single hit to be one where there is only one hit or one where there

are two hits in adjacent strips. Singlets is the number of layers in an event that contain
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a single hit. A signal event is expected to contain more singlets than the low energy or

the horizontal v, CC events. This is shown in figure 7.6.
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Figure 7.5: Distribution of # single-hit layers in the v,CC events: L>5 for the NOOSC
500 years dataset. The top left plot shows the distribution for the signal events (red).

7.4.5 Triplets

This is an extension of the previous parameter. Triplets is the number of 3 consecutive
layers with single hits in an event. A signal event with a long muon track is expected
to contain at least one such triplet. This variable gives more weightage to events with
longer muon track with many consecutive single hit layers. For example, an event with

five consecutive single hit layers has three triplets.
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Figure 7.6: Distribution of the single-hit layers in the 1, CC events (I.>5), combined with
maxdist /layers<10 and # possible triplets>0, for the NOOSC 500 years dataset. The

top left plot shows the distribution for the signal events (red).

Figure 7.6 shows an example of the efficacy of the listed parameters in selecting the
signal events and in discriminating against the background events. In this figure, the
singlet distribution is plotted for those satisfying the simple cuts: number of triplets non-
zero and the ratio maxdist/layers < 10. These distributions show that a cut of number
of singlets > 10 retains most of the signal events while rejecting a very large fraction of

background events.

7.4.6 Summarizing the effects of the selection parameters

The effects of these carefully chosen and most crucial cuts are listed in the table 7.2.
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Selection Criteria

Total #v,CC events

#1,CC events

| cos 0] >0.5, {4-100}GeV

F#single-hit layers>10

L>0 23.7 x10° 7.8 %
L>5 8.96 x10° 18.7 %
demand min. 1 triplet 5.49 x10° 24.2 %
#possible-Triplets>10 559 x10° 784 %
min. 1 triplet + 4.48 x10° 27.3 %
maxdist /layers<10

min. 1 triplet -+ 1.92 x10° 51.1 %
maxdist/layers<10 -+

Table 7.2: Effect of the selection cuts on the 500 years NOOSC data at the ICAL@INO

detector.

The above subsections all lead to the following inference:

than the low energy/ horizontal events.

form more number of triplets than the the other three categories of v,CC events

considered.

Hits or layers can distinguish the low energy from the high energy range v events.
Maxdist distinguishes the horizontal high energy events from the rest.

The high energy vertical v,CC events contain significantly larger number of singlets

The hits-pattern across the layers in case of the high energy vertical v,CC events
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7.5 Application of Multivariate Tools

The parameters discussed in the above section indicate a reliable way to select our re-
quired signal events.

In cases of application of multiple selection criteria, varying the combination of the
cuts in different ranges of the parameter values, might fetch better signal efficiency.

A selection based on neural network techniques, with these parameters as inputs, can
select the signal events efficiently. So, we employ tools for multi variate analysis (TMVA),
a package integrated in ROOT, for our signal selection [115].

There are a number of applicable methods that involve multivariate analysis.

7.5.1 Available Options

TMVA is a collection of classifiers, and the ones we found relevant enough to be mentioned

in the process of our analysis are listed as follows [115].

BDT: A “decision tree” makes a sequential application of cuts to split the data into
nodes, like a “tree”. The final nodes (“leaf”), after “n” sequences classify an event as signal
or background. Boosted decision trees combine a number of decision trees, with differently
weighted events in each tree (trees can also be weighted). However, the simplicity of
decision trees has the drawback that their theoretically best performance on a given

problem is generally inferior to other techniques like neural networks [115].

RuleFit: This process is linear combination of rules, where a rule is a sequence of cuts:

yrr(T) = ao+ Y _[amrm(Z)] + > [brT] (7.3)

"Each of the methods involve extensive sets of computational steps. Here, we state the tools /methods
very briefly to save space and prevent divertion from the purpose of this study/chapter. For a proper
understanding one must refer to [115].
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where, yrr is the RuleFit classifying parameter, the second summation term represents

the sum of rules *

‘r” (it refers to the status of the cuts applied during this inter-
nal /intermediate process, r,=1 for all cuts satisfied, and 0 if none), the last term is
the Linear Fischer term [115] and the Zj are the normalised event variables. The a and

b are constants.

KNN (K-Nearest neighbour): The k-NN algorithm seeks k number of events which
resemble the event in hand while testing. This similarity is enumerated with the help of a

function, say R. The events with smallest values of this R gives the k-nearest neighbours.

SVM (Support Vector Machine): It finds a hyperplane that best separates signal
from background, for the linear cases. For non-linear cases, the variables are first trans-
formed into a higher dimensional space, so that a linear boundary can fully separate the

data.

HMatrix: A covariance matrix is constructed from the values of the selection param-
eters during the processing of the variables at the initial stage of TMVA running (for
example, a method called principle decomposition analysis [115]). The inverse of this
matrix is called the H-matrix. This method calculates a x? for the signal and the back-
ground events using the mean-estimators and the matrix elements. For every event, it
calculates a value, ygy
2 2
yH = m (7.4)

The higher the value of this parameter, more is the probability of an event to be a signal.

PDErs: It is basically a Probability Density Estimator, called PDE range search, which
counts the number of training events which look closest similar to the test event. In other
words, it is a variant of the k-NN. Eventually, it reports an estimated volume, V around

the test event through a function of the number of signal events and the number of
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background events closer to it.

Nonlinear Analysis: Artificial Neural Networks In cases where the variables are
not linearly correlated, TMVA provides for nonlinear classifier response by “activating”
output nodes using nonlinear weights. This is achieved through neural network tech-
niques, or in other words the multilayer perceptrons.

There are three different ways of implementing Multilayer Perceptrons (MLP) in
TMVA [115]:

e TMIpANN: Interface to ROOT’s MLP implementation
e MLP: TMVA’s own MLP implementation for increased speed and flexibility
e CFMIpANN: ALEPH’s Higgs search ANN

They are all feed-forward networks, which basically do a mapping from the space of
input parameters to that of the output parameters. The “mapping” certainly refers to a
function, which varies from one “learning method” to another. The mapping can be done

in several steps or layers, finally leading to one output value as shown in figure 7.7.
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Input Layer Hidden Layer Output Layer

-

Figure 7.7: A schematic diagram of the neural network process [115]

7.5.2 Choice of a tool

The TMVA is applied on subset of the dataset (same as used for training/testing in
the final tool, described later) and their comparative performance in selecting the signal
events and rejecting the background events is observed in figure 7.8. The more convex the
curve is, the better is its signal selection efficiency with maximum possible background
rejection. If the graph for a process is linear or close to linear nature, it clearly declares
that method as unacceptable. In figure 7.8, the methods shown are all closely competent
with each other (we have checked few more methods whose graphs fell much lower to the
ones in figure 7.8, and hence have not shown them here, to avoid unneccessary crowding).

the
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Figure 7.8: Signal selection efficiency vs. the background rejection of the various TMVA
methods. There are different learning methods for training a TMIpANN and their per-

formances are also shown.

Selection Response

Among the above methods mentioned, we must choose the one best suited for our purpose.
So, we check their abilities in telling apart a signal event from the background event. We
observe the distributions of the resultant values returned by every method in figure 7.9.
The extreme ends of these values indicate an event identified to be a perfect signal or

background. Response of the various MVA methods:
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Figure 7.9: Response of the various methods to discriminate between the signal and
the background in the testing sample. Row-wise from top: BDT, PDERS, BDTD (BDT
with Decorrelated variables), KNN, HMatrix, RuleFit , SVM, MLPBNN;, LikelihoodPCA,
MLPBFGS, MLP and TMIpANN methods.

Signal efficiency and background rejection

In order to ease the user in the choice of the required tool, TMVA provides with several
synthesized values which parameterise the performance of the method. For example, the
contrast between the signal selection efficiency and the background efficiency or back-
ground retention, the signal significance etc. are some of them. The performance of two

such methods are shown in figure 7.10 and figure 7.11.
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ing and training .

Cut value applied on BDT output

Cut value applied on TMIpANN output

Figure 7.11: Response of the BDTD in test-

ing and training .



Chapter 7. Improving the hierarchy sensitivity of ICAL using neural network

Signal Significance: The signal significance is defined as

B Signal
~ /Signal + Background

So (7.5)

So approximately ® peaks around the cut value when the signal selection efficiency, the
purity of the signal and the background rejections are all optimized. However, for the
present purpose, which is a type of multi-purpose discrimination, this value is not an

adequate deciding factor [115]. This fact is evident from the tables 7.3 and 7.4.

The Signal to Background Ratio in training/testing sample The signal to back-
ground ratio may not be always unity. So, we are required to check the performance of
the tools with unequal number of events for signal and background while training/testing.
We considered six such cases, with varying ratio of the signal to background. The signal

efficiency and purity vary most with the changing ratio.

e Set I: Signal=1000, Bkg.=1000.

Set II: Signal=3000, Bkg.=3000

Set I1I: Signal—1000, Bkg.—2000

Set IV: Signal—3000, Bkg.—6000.

Set V: Signal=1000, Bkg.=3000

Set VI: Signal=3000, Bkg.=9000

The signal selection efficiency and the highest purity level obtainable by the different

tools for the two of the extreme sets I and VI are listed in table 7.3 and 7.4 respectively.

8For exact calculation of the peak position, refer [115]
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MVA method Cut Value | Signal Bkg. Re- | Signal So
Effi- tention Purity %
ciency %

%

BDT -0.09 80 20 80 254

BDTD -0.08 90 33 73 25.5

H-Matrix 0.06 86 27 77 25.5

KNN 0.15 85 28 78 25.6

LikelihoodPCA 0.22 86 28 76 25.5

MLP 0.20 86 26 78 25.7

MLPBFGS 0.18 85 27 78 25.6

MLPBNN 0.19 87 28 75 25.6

PDERS 0.38 87 32 73 254

RuleFit -0.72 90 33 72 25.5

SVM 0.25 87 30 75 25.5

TMIpANN 0.21 80 20 80 25.5

Table 7.3: Set I: Comparing signal significance of the various MVA methods on a subset
of the 500 years NOOSC data sample at the ICAL@QINO detector, with a common cut

of Layers>5.
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MVA method Cut Value | Signal Bkg. Re- | Signal So
Effi- tention Purity %
ciency %

%

BDT -0.02 75 8 65 38.3

BDTD -0.04 75 15 63 37.7

H-Matrix 0.31 71 12 65 374

KNN 0.45 70 <10 65 36.9

LikelihoodPCA 0.63 70 <10 66 37.5

MLP 0.36 72 12 68 38.1

MLPBFGS 0.33 75 13 67 38.7

MLPBNN 0.35 78 13 68 384

PDERS 0.58 73 13 65 37.5

RuleFit -0.23 71 12 68 37.3

SVM 0.30 78 18 68 37.6

TMIpANN 0.39 68 8 72 38.7

Table 7.4: Set VI: Comparing signal significance of the various MVA methods on a subset
of the 500 years NOOSC data sample at the ICAL@QINO detector, with a common cut

of Layers>5.

The performances of the BDT and the TMIpANN appear better than the others in
terms of signal selection efficiency and purity, as seen from Tables 7.3 and 7.4. Their
performances also vary significantly with the ratio of the signal to background events.
So, to save the realistic picture scenario, we decide to train the TMVA finally with a

similar ratio of the signal to background, as is present in the original dataset.
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Training/testing time: The time required for training or testing of the data is also
a very important factor in data analysis. So, we also compare the time taken by the two
tools (BDT and TMIpANN) in training and testing of sample. The comparison is shown

in table 7.5.

Method Train. Time (s) for 11000 events [Test Time]
BDT 8.9 [2.1]
MLPBFGS 347 [11]
TMIpANNStch 26 [.07]
TMIpANNBFGS 51 [.07]

Table 7.5: Comparing training time taken by the different TMVA tools.

We observe from table 7.5 that the BDT takes less time to train than TMIpANN|,
but longer time to analyse an event (i.e. testing). Training of a sample is an offline
job, and involves a very limited or small set of events. So, a longer time period may be
accommodated, if so required. So, TMIpANN, once trained, will take shorter time in

analysing a given data sample.

7.5.3 Comparison of TMVA Methods Results

We infer the following qualitative natures of the above selected TMVA methods:
e Tool, Learning Process while training and Time for training/evaluating:
— BDT: Efficiency acceptable, training time is low, but its testing or evaluation
time is at least 6 times any of the other methods mentioned here.
— LikelihoodPCA: Efficiency acceptable, training time is very less.
— HMatrix: Efficiency acceptable, training time is remarkably less.

— MLPBFGS: Efficiency signifificantly good, training time is moderate.
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— TMIpANNKBFGS & TMIpANNkStch: Efficiency signifificantly good, train-
ing time is less. TMIpANNKBFGS consumes double the time that TMI-
pANNKkStch requires.

— On the grounds of signal selection efficiency and background rejection, the
methods of BDT, LikelihoodPCA, HMatrix clearly fall behind, when compared
to MLPBFGS, TMIpANNKBFGS or TMIpANNkStch methods.

— On the grounds of training/testing time, BDT and MLPBFGS are certainly
not favorable. With finer observation, TMIpANNkStch is faster than TMI-
PANNKBFGS. However, the methods LikelihoodPCA and HMatrix are the
outstanding winners in the race of time.

— Combining both the above aspects (efficiency/purity and time), our best op-

timised method is the TMIpANNkStch.

e The performance of TMIpANN method can be improved by optimising the number

of nodes, layers and iteration-cycles:

— Single layers are not preferred.
— The nodal structure 7:5:3 (6:4:2) looks so far a favorable option.

— Training with 200 or 300 cycles/iterations gives results comparable with that

of 500 or 1000 cycles, but saves on the time simultaneously.
e Optimising the training sample size and signal fraction:

— Large training size reduces the errors due to fluctuations/randomizations, but
overtraining should also be avoided.

— The ratio of the signal to background in the training sample is preferred to
be the same as that in the real data. On the contrary, taking equal numbers
of the signal and background events ensures more background rejection, at
the same signal efficiency. Hence, the latter choice must be subjected to the

achievement of better physics results (not discussed in this scope).
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7.5.4 The final TMVA Method Chosen for this study

Our final selection after all optimizations are as follows:
o Method: TMIpANN.
o Learning Method: Stochastic.
e Nodes and Cycles: N+2:N:N-2, where N = #variables, and ~300 iterations.

e Training sel: Total events ~ 20,000 with the signal to background ratio being the

same as that in the actual data.

It was found that the event sample selected by TMIpANN had the best signal efficiency
and purity. In addition, the time taken for the method to learn the discrimination and
apply it to an event sample was also the least. In view of this the analysis was done using
TMIpANN. Detailed optimization has shown that the stochastic learning method with
three nodal steps and three hundred iterations gave the best performance. We applied
the method on a training set of 20000 events with the signal to background ratio being
the same as that in the actual data. The size of the training set was chosen after detailed

optimization.

7.6 Re-Definition of our physics signal

In our initial analysis, we defined the signal events to be v,CC events with F, > 4 GeV
and |cosf,| > 0.5. But some hierarchy discrimination is present in events with lower
energy and smaller | cosf,|. So we systematically lowered the minimum values of E, and
cos 6, retrained the neural network each time, and analysed them. We found that the best
hierarchy discrimination sensitivity is obtained with £, > 2 GeV and |cos6,| > 0.2. The
details of the calculation of this sensitivity are given in the next section. The efficiency
of the neural network in distinguishing between the signal and background is shown in

figure 7.12, and quantitatively in table 7.6.
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Figure 7.12: Neural network response to the signal vs. background discrimination. Here

the signal definition is F, > 2 GeV and |cos6,| > 0.2.

01 02 03 04 05 06 07 08 09
TMIpANN response

Value of ANNcut: | 0.5 | 0.6 | 0.7 | 0.8
Efficiency % 73 | 64 | 55 | 46
Purity % 85 | 89 | 93 | 96

Table 7.6: Efficiency and purity of signal events chosen by the placing ANNcuts for the

NH dataset of 500 years, assuming the signal events to be E,, = {2,100} GeV and |cosf| >

0.2. and number of layers>5.

The figure 7.13 further shows very significant coincidences of the training and the

test samples. So, we are further assured to use the current set of training conditions

(technical grounds). of
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Figure 7.13: The overlapping of the test samples and the training sets for the above

signal definition.

7.7 Mass Hierarchy Discrimination with v,CC events

Our redefined signal consists of the v,CC events with E, = {2,100} GeV and |cosf| >
0.2. Therefore, the background comprises of all the rest of the v,CC events.

For the selected signal-like events, the muon energy F, and its direction cos@, are
reconstructed. The events are sorted into bins of the reconstructed E, and cos,. A bet-
ter angular resolution leads to a better hierarchy discrimination in atmospheric neutrino
experiments [135, 136]. Hence the bin width in cosf, needs to be as small as possible.
The energy and cos 6, binwidths are chosen based on the energy and cos 6, resolution of
the ICAL [10]. The down going events undergo no oscillation and hence there will not be
any signature of matter effect in them. It is present only in the up going events. Hence
in computing the Ax? for hierarchy discrimination, we will consider only the up going
events, i.e. events with cosd, € [0,1].

The effect of the ANNcut on the events sample is shown in table 7.7 and figure 7.14.
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All events | After 5 layers cut | After addn. ANNcut=0.7
upgoing signal 147734 113032 61408
upgoing background 472113 108656 5104
downgoing signal 310926 239460 133092
downgoing background 757239 196275 9994

Table 7.7: Event counts for the NH dataset of 500 years, assuming the signal events to
be E, = {2, 100} GeV and |cosf| > 0.2. and nLayer>5. (The counts for the IH set is

similar and not shown here.)

In figure 7.14, we have shown the distribution of F,, vs. cosf,. The top panel shows
the distribution for all events, i.e., without any layer or ANNcut. The middle panel shows
the distribution after applying the 5-layer cut, but without any ANNcut and the bottom

panel includes the ANNcut of 0.7 in addition to the layer-cut. We clearly see that low

energy and horizontal events are heavily suppressed in the bottom panel.
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Figure 7.14: The distribution of muon energy and direction (given by NUANCE) of
the v,CC events selected: (Top) all detectable events (without the layer-cut); (Middle)
Events after the 5-layer cut only, and (Bottom) Events after 5 layer cut and the cut on

the neural network probability = 0.7.

171



Chapter 7. Improving the hierarchy sensitivity of ICAL using neural network

Regarding the binning in muon energy, different schemes were tested. We restricted
the range of muon energies to be (0, 17) GeV. Since events with very high energy muons
are rather small in number, their contribution to hierarchy discrimination is very small.

The L > 5 cut as well as the selection based on ANN strongly discriminate against
events with E, < 1 GeV. Therefore, our lowest energy bin is chosen to be (0, 2) GeV, so
that the number of events in this bin are substantial. We found the following 10 E,, bins
to be optimal: (0, 2), (2, 3), (3, 4), (4, 5), (5, 6), (6, 7.5), (7.5, 9), (9, 11), (11, 14) and
(14, 17) GeV. The binning is done separately for g~ and pu™ events. The chosen cosf,,

binwidths, different for different F,, ranges, are listed in table 7.11.

E, range cos 0, range cos 0, binwidth

0-6 GeV | (1-0.8, 0.8-0.2, 0.2-0) | (0.01, 0.02, 0.1)

6-17 GeV (1-0.2, 0.2-0) (0.01, 0.1)

Table 7.8: cos ), binwidths in different energy ranges.

For the hierarchy discrimination analysis, the NH and the IH data of the upward
going events were binned according to the scheme described above. We compute the
Ax? between these two data sets using the Poissonian definition and scale it by 50 to
obtain Ax? for a ten year exposure. A similar calculation of downgoing events gives a Ay?
less than 1%. Thus the use of only upward going events for computing Ax? is justified.
In figure 7.15, we plot Ax? vs ANNCut. We obtained a maximum Ax? = 10.2 ~ 10 for
an ANN probability cut of 0.7. Figure 7.15 also shows the comparison between the Ax?
values obtained for the original signal definition and the modified one. We see from the

figure that the hierarchy discrimination with the modified signal definition is better.
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Figure 7.15: Hierarchy discrimination sensitivity for different signal definitions

7.7.1 Effect of Marginalisation

We have used the present best fit values of the oscillation parameters so far to generate the
NH and IH dataset. However, the true values of these parameters can well be different
from the present best fit values, but falling within the allowed range. To take into
account this deviation, we need to recompute the Ax? by doing a marginalisation over
these parameters. In doing the marginalisation, we have kept Am3, and ;5 fixed but
varied Amzﬁ, 013 and B3 over their allowed 3 o ranges. These ranges are listed in
table 1.1. Since all these parameters are determined with reasonable precision, the effect
of marginalisation is small. Without priors, the Ax? decreases to 9, whereas with priors
it remains 10. The left panel in figure 7.16 shows the variation of Ax? vs 613 both without

and with priors. The right panel shows the Ax? vs 623 both without and with priors.
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Figure 7.16: Verifying the effect of 613 (left) and 623 (right) on the sensitivity for normal
hierarchy, from events chosen above the ANNcut, for signal definition: E, > 2 GeV and

|cos 6| > 0.2.

7.7.2 Effect of Systematic Uncertainties

The various inputs used in calculating the event numbers, such as the neutrino flux, the
cross-section etc., have systematic errors. Taking these into account can also reduce the
hierarchy discrimination sensitivity. We recalculated Ax? by including the systematic
errors through the method of pulls [137, 138, 139|. In our calculation we have taken
the systematic uncertainty in the flux to be 20%, in the cross-section to be 10% and in
the neutrino energy and zenith angle spectrum of 5% each. In addition, we have also
included an overall systematic uncertainty of 5% [7]. We have done the calculation under
two different assumptions: The systematic uncertainties for neutrino and anti-neutrino
events are (i) the same and (ii) unrelated. In the former case, we find that the inclusion
of the systematic uncertainties has no effect on Ayx?! This occurs due to the following
reason. The quantity AN;; = N;;j(NH) — N;;(IH) (where ¢ denotes the E, bin and j
denotes the cosf, bin) is mostly negative for u~ events and is mostly positive for p™
events. Therefore, the pulls needed to minimize AN;; (1) and AN;;(n™) are different. If
we assume that the systematic uncertainties are the same in both cases, it is reasonable

that the values of pull variables, minimizing Ax?, are negligibly small. This can be

174



Chapter 7. Improving the hierarchy sensitivity of ICAL using neural network

understood from the table 7.9.

Min. Ax? using All NH>TH NH<IH wt only p~ only

Fxd. par. 10.19 4.38 9.81 4.38 9.81

Syst. w/o any 9.91 1.64 1.72 3.72 4.12

prior

Syst. with prior 10.33 2.19 2.11 4.04 4.51
(10.04+0.29) | (1.99+0.20) | (1.89+0.22) | (3.79+0.25) | (4.29+0.22)

Table 7.9: The minimum values of Ax? (10 years) obtained, when certain subsets are
chosen from the data (using ICAL E,, cosf, with ANNcut=0.7). Here NH (IH) refers

to number of events in a bin for the NH (IH) case.

When events with only positive (negative) ANjj;s are considered (ref. table 7.9), the
effect of the systematics is dramatic, but the effects get neutralised, as soon as the events
with negative (positive) AN;js are included. This gets reflected through the event counts
of the ™ and p~s, as already stated above.

If the systematic uncertainties for the two cases are assumed to be different, then
the pull variables for the two cases are also different. In this case, a lower Ay? ~ 8 is
obtained, if no priors on the pull variables are added. With the inclusion of the priors
in the form Y, €2 [11], the minimum Ax? is about 9.5. Combining marginalisation and
systematic uncertainties, we obtain Ax? ~ 10 for the case of equal uncertainties for p~
and pt and 9.5 for the case of unrelated uncertainties. Table 7.10 lists the values of Ay?

obtained for various different cases.
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Min. Ax? using Values of Ay?
Central values of osc. par. 10.2
Marg. w/o any prior 9.13
Marg. With prior 10.14
(9.75 + 0.39)
5 &: Syst. w/o any prior 9.91
5 &: Syst. With prior 10.33

(10.046+0.288)

5 & Marg.+Syst. w/o prior 10.12

5 & Marg.+Syst. With prior 10.84
(10.12+0.39+0.33)

10 & Syst. w/o any prior 7.90 (42.62)
10 &: Syst. With prior 9.45

(8.00+1.45)

10 & Marg.+Syst. w/o prior 7.59 (+2.6)
10 &: Marg.4+Syst. With prior 9.48

(7.64+0.39+1.45)

Table 7.10:  Values of Ax? (10 years) with ICAL E,, cos@,, for central values of the
oscillation parameters; including marginalisation in 3o ranges of the Amgﬁ, 013 and 0Oo3;
including only systematic uncertainties: “same” or 5 £ (pull variables) and “unrelated” or

10 & (pull variables), and combining both marginalisation and systematic uncertainties.

7.8 Mass Hierarchy Discrimination including all v interac-

tions

Our signal still consists of the 1,CC events with E, = {2,100} GeV and |cosfl| > 0.2. The

background comprises of all the rest of the v,CC events as well as all non-v,CC events
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(i.e., all NCs, v.CC and v,CC).

Five different sets of data, each equivalent to 500 years of ICAL run, are generated
using NUANCE in the energy range E,= {0.1,100} GeV. Each set consists of all types of
interactions of all three neutrino flavours. The first set is generated with the assumption of
no neutrino oscillations (NOOSC). The next three sets are generated assuming neutrino
oscillations with normal hierarchy, with 3 different seeds. The final set is generated
assuming neutrino oscillations with inverted hierarchy. The generated events are then
propagated in ICAL using a Geant4 simulation of the detector. The pattern of hits thus
generated are used to first identify the muon track and then reconstruct its energy £,
and the cosine of its zenith angle cos 6, [2|. In computing the oscillation probabilities, the
following values of neutrino parameters were used: Amg? = 7.5 x 107° eV2, |Am,rf?%| =
2.47 x 1073 V2 (i.e. Amgi?(NH) = 2.51 x 1072 V2, Amg2(IH) = —2.43 x 1072 eV?),
sin? 015 = 0.31, sin® 26,3 = 0.09, sin® fo3 = 0.5 and dcp = 0.

If we impose the cut L > 5 on the 500 year dataset with IH oscillations, the remaining
data sample has the composition shown in table 7.11. The numbers for NH oscillations

are similar.

Total Total

signal events | bkg. events

~350,000 ~400,000

Table 7.11: Counts of the events after a cut of Layers>5, in a 500 years data sample

(signal definition: E, > 2 GeV and |cosf,| > 0.2).

The entire process of signal selection by neural network is repeated with this data
sample. For the selected signal-like events, the muon energy E), and its direction cosf,
are reconstructed. The events are sorted into bins of the reconstructed E, and cos@,.
A better angular resolution leads to a better hierarchy discrimination in atmospheric

neutrino experiments [135, 136|. Hence the bin width in cosf, needs to be as small as
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possible. The down going events undergo no oscillation and hence there will not be any
signature of matter effect in them. It is present only in the up going events. Hence in
computing the Ax? for hierarchy signal, we will consider only the up going events, i.e.
events with cos@, € [0,1]. This has the advantage of eliminating the contribution of the
fluctuations in the down going events to the y?.

A binning scheme with uniform energy bins is not preferred. We have verified that the
results are much better for a scheme with differential energy bins compared to a scheme
with uniform energy bins. So, we use the same binning scheme as described and used for
the study in the earlier section.

For the hierarchy discrimination analysis the four data sets NH1, NH2, NH3 and
I H were used. Fach of them was binned according to the scheme described in the earlier
section. From this binned data, we compute 3 values of X2, as X*(NH1 — NH?2),
X2(NH1 — NH3) and x*(NH2 — NH3), and take their average to obtain < x2.,. >.
This is expected to be twice the number of bins. We also compute 3 values of X%alse as
X2(NH1—TH), x*(NH2 — IH) and x*(NH3 — I H), and take their average to obtain
< X?”alse >. From these we obtain < Ax? > = < X?‘alse > — < XPe >

Since, the method of generating the datasets involves a slightly different path than in
the earlier section, we first calculate the < Ax? >, considering the v,,CC events alone in
the present selected sample. The values of < Ayx? > against different ANN probability
cuts are shown in figure 7.17. We obtained a maximum < Ax? >= 9 (assuming a 10
year run) for an ANN probability cut of 0.7, when only the v, CC events are considered.
On inclusion of the non-v,CC background events, the curve of < Ax? > is mostly lower
than the former one. However, the ANNCut of 0.7 very clearly rejects all background

contaminations, and the maximum < Ax? > obtainable is restored to the value of 9.
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Figure 7.17: Values of < Ayx? > for 10 years, against varying cuts on the probability for
the dataset containing v,CC events only (red) and including all neutrino interactions,

ie. v,CC + 1, CC + all 3 types of NC + v,CC events (green).

One must remember not to make a one-to-one comparison of the results from the
earlier section. In the earlier section, the NH and the TH sets were generated from
a NOOSC sample, using oscillation probabilities and the accept-reject method. This
results in less fluctuations due to the Monte Carlo number generation. The generation of
all v events for this section was done by the Nuance Monte Carlo neutrino event generator
explicitly for the NH and the IH cases. This includes more fluctuations in the sample.
Being meticulous, one may even argue that on generation of several (say thousand or
more) such NH and IH datasets with Nuance will fetch us a distribution of < Ax? >,
which peaks at the value of 10, like in the earlier section. This section aims to find out

how much the hierarchy sensitivity might deteriorate when all v events are considered,
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i.e. in the practical scenario.

So, we infer that the obtained value of Ax? = 10 remains unaffected, when the
background (non v,CC) are included, “thanks to the neural network” ! The value
goes down to 9.5, when the marginalisation and systematic errors are also considered, as

explained in the earlier section.

7.9 Results and Discussions

We have used a neural network to identify high energy 1,CC events in the vertical
direction. We defined the signal events to be those with E, > 2 GeV and |cosf| > 0.2.
With an ANNcut of 0.7, the neural network is able to select such events with an efficiency
55% and a purity of 93%. We obtained a hierarchy discrimination Ax? of 10 for a 10
year exposure. Marginalisation and equal systematic uncertainties for neutrinos and
anti-neutrinos do not reduce this value. If we assume that the systematic uncertainties
for neutrinos and anti-neutrinos are unrelated, it reduces to 9.5. When the non-v,CC
backgrounds are also included, the use of the neural network ensures no reduction in this

value of Ax?.
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Figure 7.18: Checking the content of good events (events with their F, reconstructed
within 30% of the true muon momenta) in the fraction of events chosen above the ANN-
cut, for signal definitions: E, > 2 GeV and |cos6,| > 0.2, E, > 3 GeV and | cos6,| > 0.4,
E, >4 GeV and |cos,| > 0.5 and E, > 1 GeV and |cosé,| > 0.1.

We cousidered the possibility that the fluctuations, arising due to inefliciencies in the
reconstriction, are responsible for the large value of Ax2. To rule out this possibility, we
considered only those events which satisfied the following criterion: The reconstructed E,,
is within 30% of the NUANCE value. This restriction gives us a smaller event sample.
The Ax? from this subset for the different signal definitions are shown as the dotted
curves in figure 7.18. For the ANNCut of 0.7 and beyond, the curves without and with
the restriction match best in case of our chosen signal, i.e. E, > 2 GeV and | cos6,| > 0.2.

Therefore, the hierarchy discrimination we obtained comes mostly from vertical, high
energy events, i.e. the signal events which are expected to be sensitive to hierarchy. In
conclusion, ICALQINO can determine the neutrino mass hierarchy at better than 3 o

sensitivity with an exposure of 10 years.
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8.1 Muonless events

Events in ICAL at INO can be classified into events with muon tracks and those without
such tracks. We refer the latter as the “muonless” events, which basically comprise of the
v.CC events, “others” (all NC and a few v.CC) and the low energy or horizontal v,CC

events.

8.1.1 v, CC Pure Sample

Applying certain selection cuts, we can obtain an events sample rich in atmospheric v,CC
events. The cuts are based mostly on the number of hits and number of layers. The hits
and layers criteria can alone fetch a v,CC sample of ~50% purity. With the additional
selection criteria, we can improve the purity of the sample. The most effective criteria

are listed in table 8.1 along with the sample-sizes:
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Selection Criteria Selected v,CC v,CC v,CC Net
Sample Content | Purity | Selection
size Efficiency

Maximum Hits diff. | 156,000 82500 53% 50%

”+Overall Pattern: | 189,000 99814 56% 61%

hits in layers

Comparison: hits in | 43,000 26006 60% 16%
layers
Single layer hits 6,500 4420 68% 3%

Table 8.1: Examples of one of the cuts from each type of selection criteria on 500 years of
NH data: Purity = ratio of v,CC content to selected sample size; Net Selection Efficiency
= ratio of v, CC content in the selected sample to the same in the primary dataset i.e.

with hits>10.

The purity of v,CC events in the total sample decreases with increasing sample size.
It has also been observed that attempts to improve on the purity depletes the vertical
events fraction. Appropriate selection cuts can be applied, while retaining optimum
sample-sizes. This leads to a maximum v, CC purity of ~ 60% with ~ 100 events per
year. We can also obtain an event sample with ¥NC purity of ~ 47% with ~ 1800 events

per year, provided noise is under control |[3].

8.1.2 MH Contribution

The contribution of the muonless events in determining the neutrino mass hierarchy is
not zero, rather X%Oyears ~1. But the statistical fluctuations in the data are too large for

this contribution to have a significant effect.
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8.1.3 Energy and Direction

Energy and direction are the primary kinematical variables of the neutrinos. These are
the essential data about the incident neutrino and are utilized in various studies. The
muonless events appear merely as a bunch of hits in the detector. So, our algorithm of
energy and direction estimation is mostly based on these hits and the number of layers

hit in an event.

Energy:

A more energetic neutrino event gives more hits in the detector than a neutrino event
of lower energy. Such a correlation becomes realizable, when the average hits per layer
distribution is observed for events giving hits in a fixed number of layers. So, we observe
the E, distribution in small bins of hits per layer, for every individual “no. of layers hit”.
Gradual shifts in the energy plots can be marked in the various bins, as expected. We fit
the distributions with Landau distribution function. In order to be able to calibrate the
neutrino energy, we recognize a parameter to represent the identity of these distributions
in every such bin. Using the most probable value of the Landau distribution, “Energy-
Calibration” curves can be prepared, to directly read the energies of such neutrinos. The
calibration plots for events giving hits in 3-6 layers are shown in figure 5.8. It also assures
that a muonless sample rich in any one of the three types of v-events (v.CC, NC/v,CC

or v,CC (low energy or horizontal)) has better energy resolution.

Direction:

We attempt to estimate the direction of the neutrinos using two independent kine-
matic variables. We use “maximum spread” in an event to resolve the horizontal neutrinos
from the vertical ones. The vertical or near vertical events have shorter average horizontal
spread than the horizontal or near horizontal events.

The horizontal distance between every pair of points is calculated for an event. The

maximum value of this distance in an event serves as our selection parameter.
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In order to distinguish between the upward and the downward going neutrinos, we
define a new variable called “MRratio”, which is briefly explained as follows. The hits in
different layers of the v,CC events are non-uniform. The v,CC gives a broader distri-
bution than the v,CC / NC. We consider the mean and the RMS (Root Mean Square
or variance) value of such layerwise hits distribution of each event. The ratio of this
layer-hits mean to RMS (“MRratio”) shows characteristic difference for the up-going and
the down-going neutrinos.

The first parameter, maximum spread (“mxdist”) can select vertical events from the
horizontal events. The second parameter is used to pick between the upgoing and the
downgoing neutrino events. 2-D histograms of these two variables show gradual shifts
in the peak positions of such distributions, in varying bins of neutrino direction. The
distributions show Gaussian nature along the axis of MRratio, while Landau nature along
the axis of maximum spread.

With these direction resolving techniques, the up-going v’s in the muonless sample
can be selected to ~70% purity. Muonless samples rich in vertical (< 65°) v’s can be
selected to above 80% purity. An approximate estimation of the neutrino direction

can also be obtained, for muonless events, using the 3D-calibration plot in figure 5.14.

8.2 GENIE incorporation

The neutrino event generator is a vital component in the simulation studies of a neutrino
experiment. So far, Nuance has been used to generate neutrino interactions for INO
simulations. However, Nuance being no more updated, INO has chosen to adopt GENIE
as the neutrino event generator. This required us not only to make an INO-user friendly
version of GENIE, but also led us to include four new options in the GENIE code, three
of which may also be used for any other atmospheric neutrino experiments. So, the 4 new
options in the GENIE neutrino event generation, which are available at the GENIEQINO

version are:
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e FLUKA3D: To include the 3D atmospheric neutrino flux information
o - <energy-weight>: Option for weighted atmospheric event generation
e nu_INOGEN rootracker: Command to get exclusive INO-customised output

e -¢ <No. of years>: To generate events for a desired exposure time of the detector.

8.3 MH determination improved by neural network

The events containing muon track are the primary signal events of ICAL. Major contribu-
tion to determining the neutrino mass hierarchy comes from these events. We employed
the technique of neural network analysis to improve the hierarchy sensitivity of the ICAL.
This not only gave us the ability to effectively choose 1,CC events in the energy range
>2 GeV in the vertical cone but also led to obtaining a 3¢ hierarchy sensitivity in 10
years at the ICAL.

We have used a neural network to identify high energy 1,CC events in the vertical
direction. We defined the signal events to be those with F, > 2 GeV and |cosf| > 0.2.
With an ANNcut of 0.7, the neural network is able to select such events with an efficiency
55% and a purity of 93%. We obtained a hierarchy discrimination Ax? of 10 for a 10
year exposure. Marginalisation and equal systematic uncertainties for neutrinos and
anti-neutrinos do not reduce this value. If we assume that the systematic uncertainties
for neutrinos and anti-neutrinos are unrelated, it reduces to 9.5. When the non-v,CC
backgrounds are also included, the use of the neural network ensures no reduction in this

value of Ax?.

8.4 Conclusion

This research work includes the study of both the kinds of the atmospheric neutrino events

to be seen in the ICAL detector: the shower-like events or the muonless neutrino events
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and also the muon-track-containing neutrino events. High energy v. (7.) interactions
have been studied only in IMB, Kamiokande and Super-Kamiokande before. INO gives us
another chance to study them in detail. We propose a method to extract the atmospheric
Ve (V) data from the ICAL data. We also studied the v,CC events, and attempted to
improve the hierarchy sensitivity of the ICAL, which is its primary objective, by applying
the neural network analysis. We also showed that the use of neural network cancels the
effects of the background due to other neutrino interactions. Even after including the

systematic uncertainties, ICAL can still achieve a 3o sensitivity in its main goal.
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