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SYNOPSIS

1. INTRODUCTION

The elusive neutrino has been among the most exciting particles since its postulation
in 1930. The existence of neutrino was postulated by Pauli in a desperate attempt to
save the 4—-momentum and angular momentum conservations in nuclear S-decays
[1]. After a wait of 26 years, it was detected experimentally in 1956, by Reines and
Cowan [2, 3]. From then on, impressive results in the field of neutrino physics have
amplified the excitement by many folds. Initially neutrino was assumed to be mass-
less, which went well in accordance with the Standard Model of particle physics.
However, the phenomenon of neutrino oscillations [4, 5], i.e, a propagating neutrino
changing its flavour, implies that neutrinos are not massless, and thus opens a gate-
way for the physics beyond the standard model (BSM). The neutrino oscillations are
parametrized in terms of a unitary transformation matrix connecting the flavor and
mass eigenstates. In the 3—flavour basis, the elements of this matrix are expressed
in terms of three mixing angles 6,5, 613 and 6,3, and a CP violating phase J.,. The
amplitude of the neutrino oscillations is determined by these three mixing angles,
while the frequency is governed by the mass squared differences Am?; = m? — m?3.
The magnitude and sign of Am2, is established from our understanding of solar and
reactor neutrino measurements. However in case of Am3,; (or, Am3,) only the mag-

nitude is known, and the unknown sign of Amj3, leads to two possible arrangements

of the neutrino mass eigenstates. The normal mass hierarchy (NH) corresponds to
21



the ordering m; < msy < mg, while the inverted hierarchy (IH) is with the ordering
ms < my < my. The hierarchy of the neutrino mass eigenstates can be confirmed
once the sign of Am3; is determined.

Various experiments around the globe are now engrossed in exploring the neu-
trinos aiming at the determination of the mass hierarchy, the mixing parameters,
leptonic CP violation and the absolute neutrino-mass scale. As a part of this effort
the India-based Neutrino observatory (INO), a multi-institutional venture, has been
initiated in India to build a underground neutrino laboratory [6]. The planned mag-
netized Iron Calorimeter (ICAL) detector at INO would study the oscillations in the
atmospheric neutrinos in the GeV range. The ICAL will consist of the Resistive Plate
Chamber (RPC) detectors as the active elements [7], interspersed with 5.6 cm thick
iron plates. There will be 151 horizontal layers of the iron plates, with 4 cm gaps
to place the RPC units. ICAL will be magnetized to about 1.5 Tesla. Three identi-
cal modules, of dimensions 16 m x16 m x14.4 m each, will be housed in a cavern
with about 1 km of rock coverage, to reduce the cosmic muon background. It would
mostly search for v, induced charged current interactions in the iron target.

The ICAL aims at the determination of the neutrino mass hierarchy by explor-
ing the matter effects for v, and 7, separately, through the charge identification of
the muons in the magnetic field. It will also look for precise estimation of the at-
mospheric mixing parameters (A3 and |Am3,|). Apart from these, ICAL would also

explore the possibility of CPT violation, existence of the sterile neutrinos etc.

2. THE HADRON RESOLUTION OF ICAL

This is a GEANT4-based [8] simulation study to quantify the ICAL response to the
hadrons, produced in the atmospheric neutrino interactions. The hits in the detector

due to the hadrons are the observables in this work.
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2.1 NEUTRINO INTERACTIONS IN ICAL

The atmospheric v, and 7, interact with the iron target through quasi-elastic (QE),
resonance scattering (RS) and deep inelastic scattering (DIS) processes. The charged-
current (CC) interactions produce muons as well as hadrons. In the sub-GeV range,
the QE process dominates, and apart from the recoil nucleons they do not have any
other hadrons in the final state. As energy increases, RS and DIS processes start
dominating and at a few GeV DIS becomes the most prominent process. Resonance
events typically contain a single pion in the final state, though in a small fraction of
events there are multiple pions. DIS events produce multiple hadrons. The momen-
tum of the incident neutrino gets distributed among the final state particles i.e., the
muon and the hadrons. The muon leaves a long track of hits in the detector with
an average strip multiplicity per layer of about 1.4. The muon momentum is recon-
structed using a Kalman Filter based algorithm [9]. The hadrons produce a shower,
where the hits are confined to a few layers with a much higher strip multiplicity
as compared to the muons. The hadron energy [10, 11] and direction [12] can be

estimated using the shower hit information.

2.2 THE HADRON ENERGY CALIBRATION AND RESOLUTION

The propagation of particles in the ICAL detector is simulated using the GEANT4
package, taking into account the realistic input parameters of the RPC detectors and
the magnetic field. This simulation provides the location of the passage of the parti-
cle in the X and Y strips of the RPC layers. As the hadron shower contains multiple
hits per layer, the possibility of false counting (ghost hit) is reduced by using the
maximum of X or Y hits for each event. Firstly, 7*, 7%, K*, K° and protons of cer-
tain fixed energies are propagated through ICAL, and it is seen that ICAL cannot
distinguish among individual hadrons. Then, the hadrons produced in the atmo-
spheric neutrino interactions, generated using NUANCEv3.5 [13] event generator,

are propagated through the detector.
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The visible hadron energy depends on various factors such as, the shower energy
fluctuation, leakage of energy and invisible energy loss mechanisms. To quantify the

ICAL response to hadrons, we use the parameter E, , [10] as
Eya=E,—E, . (1)

Note that, E;,, includes the visible and invisible hadron energies, as well as the
energy of the recoil nucleons. All type of hadrons contribute to this energy, however
at a few GeV it is dominated by pions.

A typical hadron hit distribution at E;,, = (3.5-3.75) GeV for hadrons pro-
duced in the neutrino interactions in ICAL is shown in Fig 1a. These distributions
are not symmetric and have long tails. After trials of fits with various probability
distribution functions (PDF) such as, Gaussian, Landau, Landau convoluted with a
Gaussian etc., a good fit is obtained with the Vavilov distribution function [14, 15].
The Vavilov function expresses the energy loss by particles propagating in moder-
ately thick absorbers. The standard Vavilov distribution is described by the two
parameters x and 2. For x < 0.05, the Vavilov distribution may be approximated
by the Landau distribution, while for x > 10, it approaches the Gaussian approxi-
mation.

The Vavilov PDF is built into the analysis software package ROOT [16], and is
modified with extra parameters P, P; and P, to account for x-scaling, the shifting
of the peak to a non zero value and normalization, in order to fit the hadron hit
distributions. The mean and variance of this modified PDF are

Meanyayioy = (Y — 1 — Ink— %) Ps+ Py, of -2 BZ)P? : (2)

Vavilov %

Using these parameters, the hit distributions can be reproduced.
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Figure 1: (a) The hadron hit distribution at E,,;, = (3.5 - 3.75) GeV, fitted to the
Vavilov PDF. (b) The mean number of hits from the Vavilov fit, as a function of E, .
A linear fit and a fit to Eq. (3) are also shown. [10]

As shown in Fig. 1b, the mean hit (n) increases with the increase in hadron energy,

and saturates at higher energies. It may be approximated by
7(Eyaa) = 10[1 = exp(=Byaa/ Eo)] ®)

where ng and E, are constants. The value of Ej is ~ 27 GeV for the E| , range
(0 — 15) GeV. When E, ,, < Ey, the increase in n with E, , is linear. Using linear

approximation, the hadron energy resolution can be defined as

/ /

o/E = AE{lad/Ellqad = An(Eyaq) /M Eyaq)- 4)

The o/E may be parameterized by

2
=y (5)

where a and b are constants. The hadron energy resolution of ICAL as a function of
E, .4 is shown in Fig. 2a. The energy resolution ranges from 85% (at 1 GeV) to 36%
(at 15 GeV). Similar response have been obtained from the hadrons produced in the
neutral current interaction processes. The hadron energy resolution is also studied

as a function of the iron plate thickness [11].
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Figure 2: (a) The energy resolution for hadrons generated by NUANCEv3.5, as a
function of E;,,. A fit to Eq. (5) is also shown. (b) Calibration plot for E; . The
mean F,, and the standard deviation o from the Vavilov fits are represented by the
circles and the error bars, respectively.[10]

The shower hits will be the only observable parameter for the hadrons, when the
real ICAL detector starts taking data. Thus a calibration of the hit multiplicity with
the E,,, becomes essential to reconstruct the hadron energy. The E,_, distributions
for the events binned in hadron hits are fitted with Vavilov distribution function,
and the mean and o from this fit are used to produce the calibration as shown in
Fig. 2b. This calibration can be used to estimate the £, ;. A look up table containing
the Vavilov fit parameters is used to include the hadron response in the analysis to

determine the physics reach of ICAL.

2.3 RECONSTRUCTION OF THE HADRON SHOWER DIRECTION

It is difficult to reconstruct the average direction of the hadron showers as accurately
as that of muons. Still it is possible to use the position information of the hadron
shower hits in the detector and reconstruct the shower direction [12]. When the
muon track gets reconstructed in a CC event, the position vectors of the shower
hits with respect to the reconstructed interaction vertex can be used. Two methods,
namely the centroid method and the orientation matrix method have been used in

such cases.
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The direction of the centroid of the shower is reconstructed by summing over
the position vectors (with respect to the vertex) of each hit in that event. However
the accuracy of reconstruction may be slightly increased by taking into account the
higher order moments by the use of the orientation matrix technique [17]. In this
method, for a collection of unit vectors (z;, y;, 2;), i = 1, ..., n, the orientation matrix
T is defined as

a2 Say Yriz

T=1 Sz Sy Sy |- 6)
Yz Yyiz Lzl

The eigenanalysis of this symmetric matrix gives an idea of the shape of the un-
derlying distribution. If we think of a unit mass being placed at each point, then
the variation of the moment of inertia of these n points about any arbitrary axis
would provide information about the scatter of the points. The axis about which
the moment of inertia is least is defined to be the shower direction. The MIGRAD
minimizer algorithm, which is inbuilt in TMinuit class in ROOT has been used for
the minimization of the moment.

The hadron shower direction resolution is obtained to be in the range of (15° — 5°).
Further, the spread of hits with respect to this direction can also be used to distin-
guish between the shower due to RS and DIS processes. Since RS events mostly
produce a pion, the shower would be confined to a narrower cone compared to the

shower produced by multiple hadrons in DIS events.

2.4 THE NEUTRINO ENERGY AND DIRECTION RESOLUTIONS

The energy and direction of the incident neutrino have been estimated from the
reconstructed momentum of the final state particles through the application of the
4-momentum conservation [12]. The neutrino energy is reconstructed by adding
up the reconstructed energies of the muon and the hadrons in each event. For the

events fully confined in ICAL, the energy resolution of neutrinos in the ICAL is in
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the range (22 — 26)%, whereas for the partially contained events in the detector it is
~ 30%.

The muon and hadron momentum information is used to calculate the X, Y and
Z projections of the neutrino momenta and eventually the neutrino direction. The
resolution of the neutrino zenith angle at the ICAL is in the range (19° — 7.5°). In
an alternative approach, the neutrino direction has also been estimated from the
average scatter angle between the incident neutrino and the reconstructed final state

muon.

3. ENHANCING THE PHYSICS REACH OF ICAL WITH
HADRONS

The initial analysis of the physics potential of ICAL was performed using the muon
momentum (E,,, cos §,) only [18, 19]. The ICAL capability of measuring the hadron
energy, though with a relatively poorer resolution, provides additional information
on the incident neutrino energy. This information is expected to enhance the ICAL
physics reach. The hadron energy can be added to the analysis in multiple ways.
First the neutrino momentum (£,, cos ,) was used in place of the muon momentum.
However this gives poorer mass hierarchy (MH) sensitivity than the muon-only
analysis. The main drawback is that while adding E,, and E',,4 to calculate E,,
the advantage of high precision in the F,, measurement is partially lost due to the
coarser estimation of E'j,q. Another approach with (£, cosf,) improves the MH
result slightly over the neutrino-only analysis, yet it is not even at par with the result
obtained using muon momentum. However, treating £, and E'},q4 as two separate
variables improve the result significantly. In this approach, the correlation between
these two quantities in each event is included in the study. The enhancement of the
ICAL physics potential with the inclusion of hadron energy has then been obtained

using the values F,, cos 0, and £';,q from each event as independent variables [20].
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The analysis procedure is discussed in the following.

3.1 THE ANALYSIS PROCEDURE

1. Event Generation: NUANCEV3.5, with the ICAL specifications as input, is
used as the Monte Carlo event generator to produce atmospheric neutrino in-
teractions. The atmospheric neutrino flux provided by Honda et al. at the
Super Kamiokande site is used [21]. In order to minimize the statistical fluc-
tuations, CC v, events are produced for a large exposure of 50000 kt — yr and
then scaled down to the required exposures. Producing events with such a
large exposure at all possible sets of the oscillation parameters is practically
impossible, so the event generator is run only once for un-oscillated neutrino

flux, and later a re-weighting algorithm is used to incorporate the oscillations.

2. Inclusion of the oscillations and detector response: The events are re-
weighted using a random selection algorithm. The survival/ oscillation prob-
abilities for the certain channel is calculated [22] using the given set of oscilla-
tion parameters. The benchmark values of the oscillations parameters are used
asin [23, 24, 25]. Then for each event, a uniform random number R between 0
and 1 is generated and compared to the probability to pick/discard that event.
The re-weighted events are then binned in the observables (E,, cosf,, E,,)
and folded with the ICAL response. The ICAL lookup tables for both muon
and hadron response are used. First, the events in each bin were multiplied
by the muon reconstruction efficiency and CID efficiency. Then the integrals
of the detector response functions of the three observables are evaluated, and

using them the measured distribution of the events are obtained.
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3. The x? analysis: For the x? analysis the events are re-distributed in wider and
non-uniform bins, the bin widths being comparable to the respective resolu-
tions. A scheme of 20 £, bins in the range (1 — 11) GeV, 21 cos§,, bins in the
range [—1, +1], and 4 E,, bins in the range (0 — 15) GeV are used for each

polarity of muon.

The Poissonian Y% for events with a y* is defined as

hdd NE‘L cos 0y, Ntheory
theory data data ijk
Xi - IIllIl § : § : E : szk Nz]k ) - 2Nzgk In N data

i=1 j=1 k=1 ijk

5
+) &
=1

(7)
The following five systematic errors are included in the analysis using the
method of pulls [26] : (i) Flux normalization error (20%), (ii) cross—section error
(10%), (iii) tilt error (5%), (iv) zenith angle error (5%), and (v) overall systemat-
ics (5%). The total x? is obtained by adding the individual contributions from

p~ and ut events and a 8% prior (at 10) on sin® 26;3.

XQICAL = Xz— + Xi— + X?)rior : (8)

This x%q,p, is marginalized over the pull variables & and over the 30 allowed

range of the relevant oscillation parameters.

3.2 THE MASS HIERARCHY SENSITIVITY OF ICAL

The statistical significance of the analysis to discard the wrong hierarchy is quanti-
tied by

A)(2ICAL—MH = XQICAL(false MH) — X2ICAL(true MH), )

where x%cap (true MH) and x%¢,;, (false MH) are obtained by performing a fit to

the observed data assuming true and false mass hierarchy, respectively.
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The comparison of the Ax%ca;_yy Obtained in this analysis with that from the
muon-only analysis is shown in Fig. 3a, as a function of the ICAL run—time for
true NH. After including the E,_, information, 10 years of running can rule out the
wrong hierarchy with Ax%car_ym & 9.5 (for true NH), and Ax%cap_un =~ 8.7 (for
true IH), which mark an improvement of about 40% over the muon-only analysis.

Fig. 3b shows the range of Ax?4ar,_ym for different true sin® 0.
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Figure 3: (a) Ax4carL_uy as a function of the run-time assuming NH as true hierar-
chy. The red line shows the results with hadron information, while the black dashed
line shows the same without including hadron information. (b) The variation of
Ax%car_wm for different true values of sin” 3. The value of sin” 20,3 (true) is taken
to be 0.1 and NH is assumed to be the true hierarchy. [20]

3.3 PRECISION ON 653 and |Am,|

The precision in the measurements of the parameter \ ( A = sin® 63 or |Am2,)), is

quantified as

AXQICAL—PM()‘) = lecAL—PM()‘) - Xg ) (10)

where x3 is the minimum value of x%,;_py in the allowed parameter range. It
is observed that with the inclusion of £, information, 500 kt-yr of ICAL exposure
would be able to measure sin® a3 to a relative 1o precision of 12% and |Am3,| to 2.9%.
With the muon-only analysis, the same relative precisions would be 13.7% and 5.4%,
respectively. The sin® 6,3 precision mainly depends on the event statistics, which is
not changed by the addition of the E, , information, thus only a small difference is

observed in the two analyses. However, independent measurements of £, and E} 4
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corresponds to a better estimation of £, which appears in the oscillation expression
as sin’(Am?L/E,), thus leading to a significant improvement of the measurement
of Am3,. Fig. 4a shows the comparison of Ax%car_py (Am3,), with and without
hadron energy information. The ICAL 500 kt — yr projected reach has been compared

to the current results from other experiments in Fig. 4b.
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Figure 4: (a) Ax4car_pu (Am3,), with and without hadron energy information. The
true hierarchy is assumed to be NH. (b) 90% C.L. (2 dof) contours in the sin® 3 —
|Am3,| plane. The current limits from Super- Kamiokande [27], MINOS [28], and
T2K [29] have been shown along with the projected ICAL reach for the exposure of
500 kt-yr, assuming true NH. [20]

3.4 OCTANT OF 6y3

In analogy with the MH discovery potential the statistical significance of the analysis

to rule out the wrong octant of 0,3 is defined as

AXioaL_os = Xioap (false octant) — y?oap (true octant). (11)

It is observed that the potential of distinguishing the 6,3 octant with the ICAL data
alone is rather weak. A 2¢ identification of the octant is possible with the 500 kt-
yr ICAL data alone only when the true hierarchy is NH and the true octant is LO
(sin? fy3(true) < 0.395).
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4. DEVELOPMENT OF MULTIGAP RPC DETECTORS

The Multigap Resistive Plate Chambers (MRPCs) [30] are gas ionization detectors
with multiple gas sub—gaps made of highly resistive electrodes. The high voltage
(HV) is applied at the outer surfaces of the two outermost resistive plates only, while
the interior plates are left electrically floating. The presence of multiple gas sub-gaps
enables the detector to induce faster signals on the outer electrodes, thus improving
the detector’s time resolution. MRPCs have been chosen as optimal elements for
many Time-Of-Flight (TOF) detector systems (including ALICE and STAR) due to
their excellent time resolution (< 100 ps) and higher efficiency for particle detection
[31, 32]. A typical single-gap RPC detector, designed for ICAL, has a time resolution
of ~ (1-1.5) ns. The use of MRPCs in ICAL would enable us to use the time count
of the hits efficiently, and is likely to further improve the direction reconstructions
of the muon and the hadron shower. In this work, glass MRPCs with 6 sub-gaps are
developed and characterized to probe their potential applications in future ICAL

upgrades, as well as in TOF experiments, imaging etc.

4.1 FABRICATION

MRPCs with 6 sub-gaps and of dimensions 305 mm %305 mm x 7.5 mm are designed
and fabricated. Glasses of 2 mm thickness with a conductive coat are used for the
outer electrodes. The intermediate glass plates are 400 ym thick.

Small circular spacers of diameter 4 mm, which are made of two sided non con-
ducting adhesive tapes, are used to maintain 250 ym gaps between floating elec-
trodes. The configuration is optimized with sealing the gas gaps by gluing side
spacers between the outermost electrodes. To ensure a proper gas flow through the
sub—gaps, appropriate blockers are placed. The pickup panel consists of honeycomb
panels laminated with copper strips of width 2.8 cm. Figure 5 shows a schematic di-

agram of the MRPC detector configuration.
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Figure 5: The configuration of the MRPC.

4.2 DETECTOR SETUP AND DATA ACQUISITION

The MRPCs are tested and characterized in avalanche mode using a cosmic muon
telescope consisting of three scintillator paddles (two on the top of the MRPCs under
test and one at the bottom) The coincidence signal from these three paddles are used
to trigger the data acquisition system. Signals from the MRPC pickup strips are
amplified using NINO ASIC [33] and then taken with the time coincidence of the
trigger.

A CAMAC based data acquisition (DAQ) system for the MRPC detector test is set
up to record the strip counting rate, strip efficiency and time count. The efficiency
is recorded with respect to the trigger through a 2-fold coincidence. The start and
stop to the TDC counter are given by the trigger and MRPC signal respectively, and

the corresponding time count are recorded.
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4.3 CHARACTERIZATION

The MRPCs are operated in avalanche mode using the standard gas mixture of
R134a, C,H;o and SFs. The MRPC characteristics such as the strip counting rate,
chamber current, efficiency and time resolution are studied as a function of the con-
centration of the gas mixture. Based on this study, the gas mixture is optimized to

R134a (91%), C4Hyo (5%), and SFg (4%).

100~ 150~
r Efficiency L Time Resolution

Eff. (%)

Figure 6: (a) The efficiency and (b) the time resolution of the MRPC as a function of
the applied high voltage.

The efficiency and time resolution of the MRPC with the optimized gas mixture,
as a function of the applied high voltage, are shown in Fig. 6. The efficiency increases
with the high voltage, and reaches about 95% at 17.9 kV. The time distributions are
corrected for the time jitter through an off line calibration of the time count with the
charge count of the signal. Note that, for this calibration NINO ASIC is replaced by
Anusparsh, which is designed for the ICAL experiment, as the later also provides
the analog output required to obtain the charge count. A time resolution of ~ 60 ps
is obtained at 17.9 kV. The MRPC is also tested with a Cs-137 source. This reduces
the jitter due to the spread in location of the incident particle, and improves the
time resolution further by about 10 ps. Thus the introduction of the sub-gaps results
in a much improved time resolution over the single-gap configuration which has a

typical time resolution in the range of (1 — 1.5) ns.
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In addition, MRPCs with their fast timing characteristics, can reduce the jitter in
a trigger scheme. This is confirmed by including an MRPC in the trigger set-up of
scintillator paddles, to test a single gap RPC. The inclusion of the MRPC reduces the

time jitter in the trigger by 50%.

5. SUMMARY AND FUTURE SCOPE

5.1 SUMMARY

The INO collaboration plans to study the neutrino oscillations in the atmospheric
sector, with the 50 kt ICAL detector. Though primarily designed to measure the
muon momentum, ICAL is also capable of detecting the hadron shower and mea-
sure its momentum. A simulation study is performed to quantify the hadron en-
ergy resolution of ICAL using the shower hit information. The hadron energy,
parametrized in terms of E,,, = F, — E,, is estimated from the hadron hit mul-
tiplicity which follows the Vavilov PDF. A calibration of E|_, for the number of
hadron hits in an event has been obtained. The hit positions are used to reconstruct
the average direction of the hadron shower using orientation matrix technique. The
hadron momentum information is further used to obtain the neutrino response of
the ICAL.

The reach of ICAL is then studied using the correlated information on the muons
and the hadrons. The inclusion of the hadron information improves the ICAL
physics potentials by significant amounts. It is found that the ICAL, with 500 kt-yr
exposure, would be able to determine the neutrino mass hierarchy with a signifi-
cance of Ax?oar_vm ~ 9, which implies about 40% enhancement over the muon-
only analysis. The atmospheric neutrino mixing parameters can also be measured

more precisely by the inclusion of hadron energy information.
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MRPC detectors, with six sub-gaps in each of them, have been developed and
characterized in order to probe their potential in the future upgrades of ICAL as
well as other applications such as, TOF experiment. The design of the single cell
structure has been optimized. These detectors are operated in the avalanche mode
with a optimized gas mixture, and their efficiency, time resolution, strip counting
rate etc have been studied using a CAMAC based DAQ system. A time resolution
of ~ 60 ps is obtained at 17.9 kV.

The MRPCs are tested as a part of the external trigger system consisting of scintil-
lators to characterize single gap RPCs, which shows 50% reduction in the time jitter

of the trigger. A stack of four MRPCs is now fully operational.

5.2 FUTURE SCOPE

The separation of the muon track and the hadron shower hits would be crucial to use
the real data, once ICAL becomes operational. Thus a simulation study to develop
an efficient track-shower separation algorithm is important. Also, the neutrino re-
sponse of the ICAL is coarse, and can be improved by stricter cuts, and with pos-
sible improvement in the measurements of the muon momentum and the hadron
momentum. The inclusion of the hadron shower direction as the fourth indepen-
dent variable in the oscillation analysis may be checked for further improvements.
A promising work is to modify the oscillation analysis algorithm to study the ICAL
potential to detect the sterile neutrinos. The MRPC detectors show good detection
efficiency and time resolution, and now they are ready to be tested for possible ap-

plications as trigger detector, and in TOF experiments.
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Chapter 1

INTRODUCTION

So close, yet so far,

Let’s bring them nearer and nearer!

Right from its postulation in the early 20" century, the neutrino has been among
the most exciting particles. It stands second in the list of the most abundant particles
in the universe, next only to the photons. However, it rarely interacts with matter
via weak force, and thus, is very difficult to detect. Intense amount of work is going
on now, in various parts of the world, for detecting neutrino and studying its salient

features. This thesis attempts a tiny contribution to this ongoing effort.

This chapter focuses on the concept of the elusive neutrino, its features, motiva-
tion for experimental study and a brief overview of the India—based neutrino ob-
servatory (INO), the Indian effort to explore the world of neutrino. An overview
of the concept and postulation of the neutrino marks the beginning, followed by its
features as described in the Standard Model of Particle Physics. The phenomenon
of neutrino oscillations is then illustrated. The status of the major experiments that
have provided crucial information on the neutrino oscillations are mentioned, and
the open problems in this area are listed. The chapter is concluded with a discussion

on the motivations of the INO experiment.
55
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1.1 THE ELUSIVE NEUTRINO

The continuous energy spectrum of electrons, observed in nuclear S-decays, was
contradictory to the discrete spectrum expected in two-body decays. As repeated
attempts became unsuccessful to account for the missing energy [35], the law of
conservation of energy and momentum in subatomic processes was in great danger.
This even led Niels Bohr speculating the relinquishment of those conservation laws
[36]. However, in the year of 1930, W. Pauli, in a desperate attempt to save the
conservation laws, postulated that the f—decay may be a three body decay, and an
undetected neutral particle could carry the missing fraction of the energy [1, 37].
This particle was later christened as neutrino by E. Fermi, who in 1934 formulated
an effective theory of the S—decay [38, 39, 40].

Based on Fermi’s theory, H. Bethe and R. Peierls predicted the strength of the
neutrino interactions with matter (o ~ 10~**c¢m?) to be 20 orders of magnitudes
weaker than the typical f—decays and hence claimed that neutrino might never be
detected [41]. However a long wait of 26 years came to an end, when F. Reines and
C.L. Cowan were successful in contradicting that prediction by detecting neutrino

through the following inverse S—-decay process [2, 3]

Ue+p—et +n. (1.1)

In this experiment, a huge flux of antineutrinos from a nuclear reactor was used.
Two kinds of photon signals were expected —- prompt signals coming from positron
annihilation, and delayed photon signals originating from neutron capture on cad-
mium in the liquid scintillator detector. The detection of both of the signals provided
the much sought after evidence of the existence of the antineutrinos.

The next experimental detection was of the muon neutrino (v,) in 1962 [42]. In
the first ever high—energy accelerator neutrino experiment at the Brookhaven Na-

tional Accelerator Laboratory, Leon Lederman, Mel Schwartz, and Jack Steinberger
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detected v, which were produced from the decay of charged pions. It was found
that the interaction of these neutrinos with nuclei produced only muons, and no
electrons. This showed the distinction of muon neutrinos produced in pion decays
and the electron neutrinos produced in S-decays. The discovery of the 7 lepton
and the missing energy in 7— decays [43] at the Stanford Linear Accelerator Center
(SLAC) automatically infers the existence of the third variety of neutrino (v;). The
DONuT collaboration succeeded in direct detection of v, in 2000 [44]. The detection
of v, completed the three lepton families, consisting of three charged leptons (e, 1,

7) and the associated neutrinos (v, , v, , ;).

Neutrinos played an important role in the discovery of parity violation. Cosmic
ray experiments indicated that K decay into two different modes with opposite
parity (the famous 7 — ¢ puzzle), which was later confirmed by precise accelerator
experiments. Lee and Yang proposed the violation of parity in weak interactions,
in an attempt to solve this puzzle [45]. Subsequently, experiments involving neutri-
nos confirmed parity violation. The experiment of C.S. Wu, showed parity violation
in terms of the forward - backward asymmetry of the electrons emitted from the 3
decay of polarized °CO [46]. The V — A model of the weak interaction was then
formulated in 1958, by R.P. Feynman and M. Gell-Mann [47], E.C.G. Sudarshan and
R.E. Marshak [48], and ].J. Sakurai [49]. In this formulation, only left handed neutri-

nos and right handed antineutrinos couple in weak interactions.

1.2 SOURCES OF NEUTRINOS

There have been a wide range of sources, both natural and man-made, from which
neutrinos are emitted. The generation of neutrinos and its energy range vary sig-
nificantly depending on the source. The neutrinos, due to their extremely low in-
teraction cross sections, are very efficient messengers of the characteristics of their

sources. The important sources of the neutrino are discussed here.
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1.2.1 NATURAL SOURCES

* SOLAR NEUTRINOS: According to the Standard Solar Model (SSM) [50],
the emission of the energy inside the Sun takes place through the exothermal

thermonuclear fusion of hydrogen to helium. This process can be written as

4p — *He + 2e* + 2u, + 26.7 MeV. (1.2)

Most of the energy released in this fusion process is emitted as thermal energy,
however, a small fraction (about 2%) of it is transferred to the neutrinos. The
energy production mechanism inside the sun is divided into two cycles: (i)
Proton — Proton (PP) cycle, and (ii) Carbon — Nitrogen — Oxygen (CNO) cycle.
The total solar neutrino flux on earth, the energy being in the range of few

MeVs, is about 6 x 109 cm™2 571,

e ATMOSPHERIC NEUTRINOS: The neutrinos in the atmosphere are pro-
duced by the cosmic ray interactions with the nuclei in the atmosphere. Pri-
mary cosmic rays, mostly protons, interact with the nuclei in the atmosphere
to generate secondary cosmic rays, composed of pions and kaons. The pions

then decay to muons and muon neutrinos.

T = u + U, =t . (1.3)

The kaons too, at high energies, contribute to the production of muons and
muon neutrinos. These muons further decay to electrons, electron neutrinos

and muon neutrinos.

po= el + U+ vy, pt = et + v+ v, (1.4)

The energy of the neutrinos produced in the above processes vary from a few
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hundreds of MeV to 8 GeV. Depending on the position of the detector, and
the production point of the neutrinos, the oscillation length may vary from 15
km to 13,000 km. The wide energy spectrum and baseline of the atmospheric

neutrinos offer ample scope to study neutrino oscillations.

¢ SUPERNOVA NEUTRINOS: A huge neutrino flux is generated in supernova
explosions, through the electron capture of nuclei and free protons. The hot
core of the resultant proto—neutron star, too, produces neutrinos through var-
ious processes. The weakly interacting neutrinos escape the extremely dense
core. The neutrino burst from a galactic supernova, with a very high flux, is
a very efficient source to study the neutrino characteristics. The SN1987A, the
only supernova that has been detected through the neutrino burst, has pro-

vided landmark results in the neutrino astronomy [51, 52, 53].

* ULTRA HIGH ENERGY ASTROPHYSICAL NEUTRINOS: Neutrinos, at
nery high energies, are emitted by the astrophysical sources like active galac-
tic nuclei (AGN) and gamma ray bursts (GRB).These neutrinos do not interact
with CMB and can reach the Earth from these distant astrophysical sources.
Also, the neutrino trajectories do not get bent in the interstellar magnetic fields.
Due to the extremely low flux of such neutrinos, very large neutrino telescopes
are required to detect them. The IceCube detector has already detected a num-

ber of such neutrinos [54, 55, 56].

¢ GEO-NEUTRINOS: The radioactive isotopes like, ?%U, #3?Th and *’K, em-
bedded in the Earth’s crust emit antineutrinos [57, 58, 59]. Radioactive decay
of those isotopes is a prominent source of the heat produced at the Earth’s
core. Precise measurement of the geo-neutrino flux and their spectrum pro-
vide crucial insight into the composition of the Earth’s core and radiogenic

heat production.

¢ RELIC NEUTRINOS: Relic neutrinos are among the most prominent products
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of the Big Bang. They are the second most abundant particle in the universe
after photons, the number density being 336 neutrinos per cm?®. Initially the
neutrinos were in thermal equilibrium via weak interaction with other parti-
cles. However, they quickly got decoupled from matter, and thus are expected
to provide elaborate probes to the early universe. The kinetic energy of the
relic neutrinos has been predicted to be about 10~* eV, which implies a very
weak interaction cross section. Thus, the direct detection of the relic neutrinos

remains to be an extremely difficult challenge.

1.2.2 ARTIFICIAL SOURCES:

¢ REACTOR NEUTRINOS: Nuclear reactors are the main sources of artificially

produced neutrinos. The first experimental detection of neutrinos was done
using reactor neutrinos [2, 3]. Power generation in nuclear reactor takes place
through the fission of neutron-rich isotopes, such as ?*°U, **Th, ?*Pu and
21Pu. Electron antineutrinos, in the energy range of 0.1 - 10 MeV, are produced

by the chain of S—decays of the fission products.

ACCELERATOR NEUTRINOS: The decays of charged pions and kaons pro-
duced by a proton beam on a target in particle accelerators produce neutrino
beams, composed mainly of muon neutrinos. The pions and kaons are fo-
cused using a magnetic horn and are made to enter an evacuated decay tunnel
where they decay to muons and neutrinos. The muons and the remaining
mesons are absorbed in a beam dump at the end of the tunnel, producing a
neutrino beam. Focusing positive mesons produces a neutrino beam while
negative mesons are focused to produce an antineutrino beam. Alternatively,
when a high energy proton beam is stopped in a thick target to generate heavy
hadrons, the semi-leptonic decays of the charmed particles are used to pro-
duce neutrinos. The charmed heavy hadrons decay promptly emitting equal

fluxes of high-energy electron and muon neutrinos.
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1.3 NEUTRINOS IN THE STANDARD MODEL

The Glashow-Weinberg—Salam Standard Model (SM) of Particle Physics which con-
tains a description of the elementary particles and the fundamental forces of nature
(except gravitational force), was formulated in 1967 by S. Weinberg and A. Salam
[60, 61]. This model is based on a SU(2) x U(1) gauge model by S.L. Glashow, which
predicted the existence of weak neutral currents and the Z-boson [62]. In the Stan-
dard Model the Higgs Mechanism, which allows the original massless gauge bosons
in the local gauge group model to acquire mass, is incorporated into Glashow’s for-
mulation [63, 64, 65, 66, 67, 68]. The validation of the Standard Model was indicated
by the Gargamelle experiment at CERN which discovered neutral-current neutrino
interactions in 1973 [69, 70, 71], and was subsequently confirmed at Fermilab [72].
The intrinsic building blocks of the universe are 12 spin—3 fermions (6 leptons and
6 quarks) and their antiparticles, which interact via 4 spin-1 gauge bosons, termed
as force carriers. The fermions and W and Z gauge bosons acquire mass through
interactions with the Higgs field, with the associated particle being termed as the
Higgs boson, predicted to be a massive and scalar particle. The existence of these
particles have been confirmed experimentally, the latest one being the discovery of a
Higgs-like boson at the LHC experiments at CERN [73, 74]. The accurate measure-
ment of the invisible decay width of the Z boson by the LEP experiments at CERN
constraints the number of active neutrino species, with mass less than half the mass

of Z, to three [75, 76, 77, 78].

The neutrinos can interact only through weak interactions via the following two
modes, charged current (CC), mediated by W boson, and neutral current (NC), me-
diated by Z boson. This makes the experimental detection of the neutrinos very very
difficult. All neutrinos have left-handed helicity and all antineutrinos have right-
handed helicity. Within the Standard Model, the neutrinos are massless and they

favour leptonic flavour conservation, i.e., they cannot undergo flavour transforma-
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tion. However, experimental observations of neutrino oscillation, the phenomena
in which a neutrino changes its flavour, indicates that neutrinos are massive and
mixed. The understanding of the mechanism through which neutrinos gain tiny
masses, as well as the mixing of the neutrinos are beyond the scope of the Standard
Model. Thus, the neutrino is playing a crucial role on the way to the new physics

beyond the SM.

1.4 NEUTRINO OSCILLATIONS

The phenomenon of neutrino oscillation was proposed by B. Pontecorvo in the late
1950s [4, 5]. It arises due to the rotation between the flavour eigenstates and the mass
eigenstates of neutrinos. The neutrino flavour eigen states (|v,), a = e, i, 7), taking
part in the weak interaction processes, can be expressed as the linear superpositions
of the mass eigen states (|v;), j = 1, 2, 3) through a mixing matrix U. This matrix is
called the PMNS matrix, named after Pontecorvo, Maki, Nakagawa and Sakata, who
formulated the oscillation model for the mixing of different neutrino flavours [79,

80]. The mixing between the flavour and the mass eigenstates can be represented as
Va) =Y Uajlvj) . (1.5)
J

For a basis with three neutrino flavours, the mixing matrix can be expressed in terms
of three mixing angles between the mass eigenstates (012, 13 and 23) and a complex
phase 4 characterizing possible CP violation [81].

As the neutrino propagates in time, the constituent mass eigenstates travel with
different velocities and thus get out of phase from each other. As a result, a neutrino
with a certain flavor « at ¢ = 0, gets transformed into another flavor 8 with a certain
probability. This probability depends on the distance traveled by the neutrino, its
energy and the medium it passes through. This phenomenon is feasible only if the

neutrinos are massive and they have distinct mass eigenstates.
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The neutrino oscillation probability can be obtained by calculating the probabil-
ity amplitude from the evolution of the flavour eigenstates (using Eq. (1.5)) in time.
In the case of the neutrinos traveling through vacuum, the neutrino oscillation prob-

ability (for the two flavour mixing) from flavour « to flavour 3 is given by

T (1.6)

Am?L
P(v, — vg) = sin® 20 sin® ( - ) )
where E and L are the energy and distance traveled by the neutrino respectively. In

the case of mixing of three flavours, the oscillation probability can be expressed as

P(v, = v3) = dop — 42 Re (0O) sin? (AZL—;L) +2 Zlm (0) sin (A;n—gj[/) , (1.7)
i>] >}
where O = U}, UsUs;Us;, and Am3; = mi —m3.

However, in the presence of matter, the oscillation probability differs signifi-
cantly from the probabilities in vacuum. The evolution equation of a neutrino, prop-
agating in matter, is affected by effective potentials due to the coherent interactions
with the medium through coherent forward elastic weak CC and NC scatterings.
The tiny contribution from incoherent scatterings may be neglected. All the three
flavours of neutrino interact with the matter they are passing through via NC mode,
while the v, also interacts via CC mode with the electrons. The NC interactions lead
to terms which are irrelevant for the oscillation probabilities, and the matter effects
basically arise due to the CC interactions. In the simplistic case of two flavour mix-
ing, the oscillation probability can be expressed with the same form as Eq. (1.6),
but with the mass eigenstates and mixing angle replaced by their effective values in

matter :

Am? L
P(vy — vg) = sin® 26, sin’ < Mo ) :

" (1.8)

The Am?, and 6, are functions of the effective matter potential A and the mass
eigenstates and mixing angle in vacuum. When A = Am? cos 26, the mixing is maxi-

mal (¢,,, = 7) even if the vacuum mixing angle is vanishingly small. This mechanism
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is known as the Mikheyev — Smirnov — Wolfenstein (MSW) resonance effect [82, 83].
In the case of three flavour mixing, the oscillation probability expressions in matter
are rather complicated, and, exact solutions of the evolution equation of the neutrino
can be obtained numerically.

The amplitude of the neutrino oscillations is determined by the three mixing
angles, while the frequency is governed by the mass squared differences Am?, =
m; — m7. The probability also depends on the Dirac phase (), the source-detector
distance (L), the neutrino energy (F) and the density of matter through which it
propagates. The distance, neutrino energy and matter density are specific to a cer-
tain experiment and they determine the sensitivity of the experiment. The oscil-
lation experiments provide information on the the mixing angles and the mass-
squared differences. The Am3, and 6,5 can be estimated from solar neutrino ex-
periments and thus usually referred to as Am?,, and 6, respectively. Similarly, at-

mospheric neutrino experiments provide measurements of Am2, and 63, and hence

2
atm

they are termed as Amj,,, and 6., respectively.

The magnitude and sign of Am32, is established, however in case of Am3; (or,
Am3,) only the magnitude is known. The unknown sign of Am?, leads to two pos-
sible arrangements of the neutrino mass eigenstates as shown in Fig. 1.1. The normal
hierarchy (NH) corresponds to the ordering m; <my <ms, while the inverted hier-
archy (IH) is with the ordering m3 <m; <ms. The hierarchy of the neutrino mass
eigenstates can be confirmed once the sign of Am3, is determined. This has been

one of the most intriguing challenges in the field of neutrino oscillations at this mo-

ment.
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NORMAL HIERARCHY INVERTED HIERARCHY

Figure 1.1: The normal (left) and inverted (right) mass hierarchy for neutrinos. The
coloured bands signify the respective contributions of the flavour components in
the mass eigen states.

1.5 NEUTRINO OSCILLATION EXPERIMENTS

Several neutrino experiments are currently engrossed in the effort of parameterizing
the neutrino oscillations. These experiments use neutrinos coming from various
sources at various energy ranges. The research and development on a number of

future detectors are also ongoing. A few prominent ones are mentioned below.

e Kamioka Liquid Scintillator Anti Neutrino Detector (KamLAND): This is a
reactor neutrino experiment [84], with a 1000 ton liquid scintillator detector
located in the Kamioka mine, Japan. The antineutrino flux came from 55 reac-

tors, the average source — detector distance being about 180 km.

¢ Super Kamiokande (SK): This experiment, which involves a large ring imag-

ing Cherenkov detector, is located in the Kamioka mine, with ~ 1 km of rock
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coverage [85]. SK has produced splendid results with atmospheric, solar as
well as accelerator neutrinos. It has also contributed in the search for super-

nova neutrinos.

The Sudbury Neutrino Observatory (SNO): It was a heavy—water Cherenkov
detector, located about 2 km below the ground in Sudbury, Canada [86, 87]. It
was primarily designed to detect solar neutrinos as well as to study neutrino

oscillations. This detector was operational till November, 2006.

The Main Injector Neutrino Oscillation Search (MINOS): MINOS is a long—
baseline neutrino oscillation experiment with two neutrino detectors [88]. The
near detector is located at Fermilab, about 1 km away from the source, while
the far detector is stationed 735 km away at the Soudan Underground Labora-
tory. The neutrino beam comes from the Main Injector (NuMI) facility at Fermi

National Accelerator Laboratory (FINAL).

T2K: This the first ever long-baseline neutrino experiment which uses an off-
axis beam (by about 2.5°) [89]. The beam, from the JPARC accelerator facility
at Tokai, is sent to the Super-Kamiokande detector at Kamioka at a distance of

295 km.

Double Chooz: It is a reactor neutrino experiment, the active detector being a
liquid scintillator (with 8.3 tons of fiducial mass) at aproximately 1 km away
from the two reactor cores [90]. This experiment is being upgraded with a near

detector at about 450 m away from the cores.

Reactor Experiment for Neutrino Oscillations (RENO): It is a short baseline re-
actor antineutrino experiment in South Korea [91]. It consists of a near detector

and a far detector, and uses neutrinos from six powerful reactor cores.

The Daya Bay reactor experiment: This is a reactor antineutrino experiment as

well [92]. This experiment will have 4 near detectors and 4 far detectors. Right
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now, it is running with 6 detectors and has already produced exciting results.

¢ The NuMI Off-Axis v, Appearance Experiment (NOvA): NOvA is a neutrino
oscillation experiment, consisting of two—detectors, which is optimized for v,
detection [93]. The NOv,A experiment will shoot a 3.3° off-axis neutrino or
antineutrino beam from NuMI at Fermilab to the 15 kt Totally Active Scintil-
lator Detector (TASD) located in Northern Minnesota at a distance of 810 km.

The 200 ton near detector at Fermilab is similar to the far detector.

1.6 PRESENT STATUS OF THE NEUTRINO OSCILLA-
TION PARAMETERS

Several experiments have been in action to probe the neutrino oscillation with neu-
trinos from different sources and in different energy ranges. The present best-fit
values of the neutrino oscillation parameters, obtained from global analyses [24, 25]
of the existing neutrino oscillation data from those experiments, have been summa-
rized in Table 1.1 .

The solar neutrino oscillation parameters Am?, and 6, have been measured
from the combined analysis of the KamLAND reactor 7. data and the solar neu-
trino data [94]. The atmospheric neutrino oscillation parameters (Am2,,, and 6,,,)
are constrained by the Super-Kamiokande (SK) atmospheric data [95] , and by the
long baseline experiments MINOS as well as T2K v, disappearance data [96, 97, 98].
The recent discovery of non zero (in fact, large) value of ;3 has been an exciting
finding. After decades of speculations on whether 6,3 was non-zero, results from
the short baseline neutrino experiments Daya Bay [99, 100, 101], Reno [102] and
Double Chooz [103, 104] have given the value of 6,3 to be just below the previous
upper bound from the Chooz experiment. In addition to these, the v, appearance

events in T2K [105, 106, 107] and MINOS [96, 108], have provided a clear indica-

tion of non-zero 5 . These experiments continue to improve the precision bounds
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on 6,3. The Dirac phase has not been measured accurately yet. No information is

available on the Majorana Phases so far.

Table 1.1: The neutrino oscillation parameters summary from the global analysis,
updated after Neutrino 2014 conference [25].

Parameter Best fit + 1o 20 range 30 range
Am3, [1075 eV?] 7.6070 1% 7.26-7.99 7.11-8.18
|Am2,| [1073 V2] (NH)  2.48700%: 2.35-2.59 2.30-2.65
|Am2,] [1073 eV2?] (IH) 238008 2.26-2.48 2.20-2.54
sin? 05/10~" 3.23+0.16 2.92-3.57 2.78-3.75
O12/° 34.6+1.0 32.7-36.7 31.8-37.8
sin? fy3/10~" (NH) 5.674051 " 414-6.23 3.93-6.43
O23/° 48.9*18 40.0-52.1 38.8-53.3
sin® 3 /1071 (IH) 5.73%0% 4.35-6.21 4.03-6.40
O3/° 49.2%5° 41.3-52.0 39.4-53.1
sin” 613/107% (NH) 2.26+0.12 2.02-2.50 1.90-2.62
013/° 8.610% 8.2-9.1 7.9-9.3
sin® 613/1072 (IH) 2.2940.12 2.05-2.52 1.93-2.65
013/° 8.7+ 0.2 8.2-9.1 8.0-9.4
§/m (NH) 1.4115% 0.0-2.0 0.0-2.0
5/° 254199 0-360 0-360
6 /7 (IH) 1484031  0.00-0.09 & 0.86-2.0  0.0-2.0
5/° 266456 0-16 & 155-360 0-360

As discussed above, various experiments has produced very exciting results,
however certain questions are still not solved. This invokes the requirement of ex-
periments with higher capability as well as sensitivity. The major challenges for the

neutrino oscillation experiments are mentioned below.

¢ Finer measurement of the oscillation parameters — The bounds on the oscilla-
tion parameters may be made more precise by studying the complete neutrino

oscillation pattern.

* Neutrino Mass Hierarchy — The determination of the true mass hierarchy is
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very crucial to identify the correct mass ordering. The sign of Am3, can pos-
sibly be determined by probing the matter effects on neutrinos as they propa-
gate through the Earth over long distances [109, 110, 111, 112, 113]. The matter
effects experienced by the neutrinos and the antineutrinos are different, and
separate study of these effects is important for the mass hierarchy identifica-

tion [114, 115].

¢ CP violation in the leptonic sector — Possible leptonic CP violation, analogous

to the quark sector, may be probed in future long-baseline experiments.

* Existence of the sterile neutrinos — Though results from current experiments
disfavour the existence of another flavour, further investigations are required

to probe the existence of the sterile neutrinos.

¢ The neutrino mass generation mechanism - It is yet another challenge to be

explored through a better understanding of the neutrino mixing.

Apart from those in the neutrino oscillation sector, there are also various open
questions regarding neutrinos, in general. The absolute mass scale of the neutrino
is yet to be obtained. This may be done through sensitive direct mass measurement
experiments like 5—decay as well as using supernovae and cosmological constraints.
The Dirac or Majorana nature of the neutrinos may be established through the un-
ambiguous observation of neutrinoless double beta decay. The detection of the relic
neutrinos, at present, seems to be extremely difficult due to their low energy and
low interaction cross section. However, new detection techniques with the sensitiv-
ity improved by a few orders of magnitude would provide a boost to the search of

relic neutrinos.
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1.7 THE INDIA-BASED NEUTRINO OBSERVATORY

The first Indian initiative in the field of experimental neutrino physics dates back
to the 1960s, when the atmospheric neutrino induced muon events were detected
for the first time in the underground detector at the Kolar Gold Field in South India
[116, 117]. Several decades later, the India—based Neutrino Observatory (INO) [6], a
multi-institutional venture to build a underground neutrino laboratory, revives the
Indian effort.

The observatory will be located at West Bodi Hills, in Pottipuram village, 110 km
away from the city of Madurai in South India. The facility will be developed within
a large underground cavern with 1 km or more rock overburden, which would sig-
nificantly reduce the background due to the cosmic muons.

The prime experiment at INO would be a huge magnetized Iron Calorimeter
(ICAL) detector of approximate mass of 50 kt, which will study the oscillation with
atmospheric neutrino. Due to the magnetic field, the ICAL will be able to distin-
guish between neutrinos and antineutrinos. The main goal of the ICAL experiment
would be to determine the neutrino mass hierarchy through studying Earth mat-
ter effects separately in the atmospheric muon neutrinos and muon antineutrinos.
Apart from that, ICAL would also determine the atmospheric neutrino mixing pa-
rameters. The ICAL detector is also expected to provide hints of any non standard
interaction, and new physics. The R&D of this experiment in various aspects, like,
the detector construction, the simulation of the detector and its sensitivity to fulfill
the physics goals, are in progress. In addition to the ICAL, INO will also host other
experiments like neutrinoless double beta decay, dark matter experiments, etc.

The ICAL detector, its physics motives as well as the configuration will be de-

tailed in the following chapter.






Chapter 2

THE ICAL DETECTOR

The prime aim of INO is to study the neutrino oscillations with atmospheric neu-
trinos. Unlike the accelerator and reactor neutrino experiments where the energy
(F) and the distance (L) between the neutrino source and the detector are fixed or
within a narrow window, the atmospheric neutrinos provide a wide range of £ and
L. The atmospheric neutrino flux is feeble, and hence the requirement of a detec-
tor with a large volume becomes essential to have significant event statistics. In
order to fulfill this goal, the INO collaboration plans to build a huge magnetized
Iron Calorimeter (ICAL) detector, which would be sensitive to the energy, direction
and the electric charge of the final state leptons produced in charged—current (CC)
interactions of the neutrinos with the target material [6]. It will use magnetized Iron
plates as the target mass and Resistive Plate Chamber (RPC) detectors as the active
detector elements [7]. It will be mostly sensitive to the muon neutrinos. The main

physics goals of the ICAL are as listed below.

* The reconfirmation of the oscillations in the atmospheric neutrinos through ex-
plicit observation of the first oscillation swing in v, disappearance, as a func-

tionof L/E.
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¢ The study of matter effects in v, and v, separately through muon charge iden-
tification in order to determine the sign of Am3, and hence to determine the

neutrino mass hierarchy.

* Precise determination of the atmospheric neutrino mixing parameters o3 and

2
Amgz,.

¢ Determination of the true octant of 643 and its deviation from the maximal

value.

Apart from the above, the ICAL will also search for the hint of new physics, such as

Charge conjugation — parity — time (CPT) violation in the leptonic sector.

The possible existence of sterile neutrinos.

The signature of non standard interactions (NSI) in neutrino oscillations.

Indirect search for dark matter.

The design of the ICAL is motivated by the physics goals mentioned above. In
this chapter, the configuration of the ICAL along with a description of its active
element RPC are discussed. The various neutrino interactions in ICAL with their

specifications and importance to the physics study have also been mentioned.

2.1 THE STRUCTURE OF THE ICAL

The ICAL will mostly look for v, and 7, induced CC interactions using magnetized
iron as the target and about 28, 800 RPCs as the active detector elements. It will con-
sist of three identical and adjacent modules, each of dimension 16 m x16 m x14.5 m.
Each detector module will be made up of 151 horizontal layers of 5.6 cm thick low
carbon iron plates interspersed with 4 cm gaps into which the Resistive Plate Cham-

ber (RPC) assemblies. The total mass of the ICAL will be 50 kt.
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Table 2.1: The specifications of the ICAL Detector.

No of modules

Modular dimension

Total dimension

3

16m x 16 m x 144 m
48 m x 16 m x 14.4m

Number of layers 151

Iron plate thickness 5.6 cm
Gap for RPC assembly 4 cm
Magnetic field 14T
RPC unit dimension 195 cm x 184 ¢cm x 2.4 cm
Readout strip width 2.8 cm
Number of RPCs/Road/Layer 8
Number of Roads/Layer/Module 8
Number of RPC units/Layer 192
Total RPC units 28, 800
Number of electronic channels 3.7 x 10°

The schematic of the ICAL detector is shown in Fig 2.1. The blue lines in the three
modules as shown in the figure show the placement of the Copper coils through
which a current will be passed to generate a non—uniform magnetic field. There
will be four coils in each module with 32 turns/coil. The ICAL will be magnetized
to a non—uniform field peaking at 1.4 T, to distinguish between the muon and the
antimuons produced in the v, and 7, interactions respectively. The total number

of readout channels will be about 3.7 million. The important detector specifications

have been highlighted in Table 2.1.
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Figure 2.1: (a) The schematic representation of the ICAL detector with dimensions.
All the three modules are shown here. The blue lines represent the current coils
which magnetize the detector. (b) The placement of the iron plates and the RPC
assembly in the ICAL. Each of the three modules of the ICAI consists of 151 such
layers.
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2.2 THE RPC DETECTORS

The Resistive Plate Chambers (RPCs) are gaseous parallel plate detectors, made of
highly resistive electrodes such as glass or Bakelite, to track charged particles. The
concept of the RPC was introduced in 1981 by R. Santonico and R. Cardarelli as an
alternative to the localized discharge spark counters [118]. The main features of the
RPCs are excellent detection efficiency, good spatial as well as position resolutions,
wide area coverage and low production cost.

Gas gap Pickup strips

(orthogonal
to each other)

Side spacers

Glass

=
electrodes High voltage
across the

electrodes

Conductive coat
on the outer surfaces
of the electrodes

Figure 2.2: The configuration of an RPC detector.

A schematic diagram of the RPC detector configuration is shown in Fig. 2.2. A
gas mixture is enclosed by two planar electrodes (glass in our case) with a bulk re-
sistivity of about 10'? 2 cm. The gas gap is maintained by cylindrical polycarbonate
spacers (bulk resistivity >10** © cm). The sides of this chamber are sealed by gluing
certain spacers, with inlets and outlets for a continuous gas flow. The two electrodes
have conductive graphite coat at their outer surfaces, and they are connected to a
high voltage power supply, in order to maintain a uniform and fixed electric field
(about 5 kV/mm) across the gas gap.

The formation of the electric signal in the RPC detectors is based on electron mul-
tiplication process. When a charged particle passes through the detector, a certain

number of primary electrons are produced. These electrons may be grouped into
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some clusters. The electrons in any cluster are accelerated by the electric field and
they start multiplication. This process is characterized by the following two param-
eters — the number of ionization per unit length o (first Townsend coefficient), and
the number of electrons captured by the gas per unit length g (attachment coeffi-
cient). The number of electrons n that reaches the anode can be expressed by the

following formula [119]

n = nyexpl(a — B, 2.1)

where ng is the number of primary electrons in that cluster, and x is the distance

between the point at which the cluster was created and the anode.

The gain of the detector is given by

M=—. (2.2)

N

Depending on the value of the gain, the mode of operation of the RPCs are classified
as streamer or avalanche. When M > 10°, the primary ionizations will give rise to
streamers with high probability. On the other hand, for M < 105, smaller amount
of charge is created through simple charge multiplication, and the RPC is said to
be operated in the avalanche mode. The mode of operation, as can be seen from
Eq. (2.1), is governed by the two parameters o and 3 which are characteristics of the
gas used. A gas mixture of R134a, Isobutane and SF; has been used to operate the

RPCs in the ICAL R&D program in avalanche mode [7, 120].

When the gas is ionized by the passage of a charged particle, the avalanches of
electrons originate a discharge. Due to the high resistivity of the electrodes, the dis-
charge is prevented from spreading through the whole gas volume, and the electric
field drops down in a small area around the point where the discharge initiates. The
discharged area recharges slowly through the high resistive glass plates and recov-
ery time is about 2 s. The propagation of the electron avalanche induces a current

on external electrodes. This is collected by external copper pickup strips of width
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2.8 cm. As shown in Fig. 2.2, the pickup strip on the two electrodes are mounted
orthogonal to each other, which enables the detection of the location of the passage
of the particle in pixels of area 2.8 cm x2.8 cm. In the rest of this thesis, the measured
location of a charged particle in the RPCs will be termed as hits. A complete detail

of the working principle and design of the RPC detectors can be found in [120].

2.3 NEUTRINO INTERACTIONS IN THE ICAL

The ICAL has been configured to make it primarily sensitive to the v, induced
charged—current CC events. Typically a 1 GeV muon can pass through 5 — 12 RPC
layers in the detector depending on the angle of its incidence [9]. The electrons gen-
erated in v, induced events will hardly cross a few layers, and suitable criteria on

the number of layers crossed by the particle can be used to remove such events.
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Figure 2.3: The cross sections of (a) CC v, interaction processes, and (b) CC 7, inter-
action processes. [121]

The atmospheric v, and 7, interact with the iron target through quasi—elastic
(QE), resonance scattering (RS) and deep inelastic scattering (DIS) processes as well
as a negligible fraction of diffractive and coherent processes. The CC interactions
produce muons as well as hadrons. Fig. 2.3 presents the current knowledge on the
cross sections of the three prominent CC v, and CC 7, interactions [121]. As can be
seen from these figures, in the sub-GeV range the QE processes dominate, and apart

from the recoil nucleons they do not have any other hadrons in the final state. As the



2.4. ICAL FOR NEUTRINO OSCILLATION STUDY 79

energy increases RS and DIS processes start dominating and at a few GeVs DIS be-
comes the most prominent process. Resonance events typically contain a single pion
in the final state, though in a small fraction of events there are multiple pions. DIS
events produce multiple hadrons. In the neutral-current (NC) interactions, the final
state consists of a neutrino and hadrons. The secondary neutrino would hardly in-
teract with the target, and thus the hadronic parts are the only observables for those
events. For the atmospheric neutrinos passing through the Earth’s core, maximum
matter effects would be experienced by the neutrinos in the energy range 4 — 6 GeV,
which would have prominent fractions of RS and DIS interactions. Thus it is cru-
cial to obtain information on all the final state particles to improve the sensitivity of

ICAL in reaching its physics goals.

24 ICAL FOR NEUTRINO OSCILLATION STUDY

The ICAL detector would be optimized to be most sensitive to the atmospheric
muon neutrinos in the energy range 1 — 10 GeV. The modular structure of the de-
tector, with the horizontal layers of the iron plates and the RPC detectors allows it
to have an wide coverage to the direction of the incoming neutrinos, except the ones
producing muons traveling almost horizontally. While the atmospheric neutrino
flux provides a wide spectrum in the neutrino energy (F,), the detector structure
enables it to be sensitive to a broad range of the path length (L) for the neutrinos
penetrating through the Earth.

The ICAL would be sensitive to both the energy and direction of the muons pro-
duced in the CC interactions of the atmospheric muon neutrinos and the antineutri-
nos with the iron absorber plates. The upward-going and downward-going muon
events can also be identified using the fast response time of the RPCs, which is of
the order of nanoseconds. This distinction would allow the separation of the neutri-
nos with short path lengths from those with longer ones. This would be very useful

to study neutrino oscillations, as the oscillation probability strongly depends on the
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path length L.

In addition, ICAL, being a magnetized detector, would be able to differentiate be-
tween muons and antimuons, which makes it capable of separating events induced
by muon neutrinos and muon antineutrinos. Since the neutrinos and the antineu-
trinos experience different matter effects while propagating through the Earth, the
ability to discriminate between neutrinos and antineutrinos makes the detector sen-
sitive to the neutrino mass hierarchy, which is the main goal of the ICAL experiment.
The presence of the magnetic field also improves the momentum resolution of the
muons by measuring the extent of bending of the muon track in the local magnetic
field.

As have been mentioned above, the structure and good tracking ability of ICAL
makes it suitable to explore the neutrino oscillations in the atmospheric muon neu-
trino interactions. The ICAL is also sensitive to the energy deposited by the hadrons
in the multi-GeV range. It is very crucial to estimate the capability of ICAL in recon-
structing various particles, which in turn would provide the expected sensitivity of
the detector in reaching its physics goals. Hence a simulation of the ICAL detector
has been performed using the GEANT4 simulation package in the CERN-library
[8]. The simulation framework and the response of the detector to various particles
like muons and hadrons, and the physics reach of ICAL using those information has

been described in the following chapters.






Chapter 3

THE ICAL DETECTOR SIMULATION
AND MUON RESPONSE

The ICAL would detect the interactions due to the atmospheric v,s, arising from
v, — v, and v, — v, oscillation channels. The accurate determination of the energy
and direction of the final state particles, i.e., the muons and the hadrons, in those
interaction events are crucial to achieve the physics goals of the ICAL. The v, and
v, would experience separate matter effects for either of the possible mass order-
ing, while propagating through the Earth. Thus by observing the individual event
rates for v, and 7, through the distinction of the final state ¢+ and ;= in the CC
events, the mass ordering may be determined. Additional informations on the final
state hadrons would provide enhancement in the physics sensitivity of the detector.
Thus, the ICAL detector should be correctly calibrated to reconstruct the energy and
direction of the muon and hadrons, as well as the identification of the charge of the

muons.

A detector simulation framework to calibrate the ICAL response to the muon and

hadrons has been developed using the GEANT4 simulation package. This frame-

The sections on the muon response of ICAL are based on JINST 9, P07001 (2014) [9], and have
been included for the sake of completeness.
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work has been described in the following section. The muon reconstruction algo-
rithm is then described in section. 3.2 along with the efficiencies of muon recon-

struction and charge identification, and the energy and direction resolutions.

3.1 THE DETECTOR SIMULATION

The ICAL detector consisting of three modules has been simulated using GEANT4, a
detector description and simulation package provided by the CERN-library [8]. The
detector details, as described in Chapter 2, have been incorporated in the simulated
detector geometry. The input parameters for the simulation, like, the conducting
coating, gas mixture, efficiency, etc., have been taken from the results of a 12-layered
stack of glass RPC detectors (without the Iron absorber plates) that is being run
under stable conditions at TIFR for several years [7, 120] . The readout strip width
is taken to be 1.96 cm. The actual strip width is planned to be 2.8 cm. The dead
space due to the insertion of the copper coils for magnetization, alterations due to
the support structures etc., are also taken into account.

A detailed simulation of the magnetic field for the proposed coil structure has
been performed and has been incorporated in the simulation code. Fig. 3.1 shows
the magnetic field map in the central plane of the central module (z = 0) which
has been obtained using the MAGNET®6.26 software [122]. The arrows denote the
direction of the magnetic field, while the length of the arrows indicate the field mag-
nitude. The magnetic field has been taken to be zero in the air gap between the iron
plates and in the steel support structures (non-magnetic).

The detector simulation framework is then used to study the propagation of the
final state particles in a neutrino event generated using the NUANCE generator[13].
The output of the GEANT4 code is stored as ROOT-tree [16] and analyzed. In
Fig. 3.2 the illustration of the simulation framework has been shown.

When a charged particle propagates through the ICAL detector, hits in the X

and Y strips of the RPC layers are recorded. The layer number provides the z—
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Figure 3.1: The magnetic field map in the central plane of the central module of the
ICAL, where z is zero, generated using MAGNET®6.26 package [122]. The length
and direction of the arrow in the plot represent the magnitude and direction of the
tield respectively. The field magnitude is also indicated by the colour coding. [9]

coordinate. Thus the full information on the position coordinates is available, within
a precision of 1.96 cm x1.96 cm in the zy — plane and 2 mm in the z direction. The
secondary particles produced by the passage of the primary particle in the detector
can also be tracked. In the case of a minimum ionizing particle like muon, only a few
secondary particles would be generated. However, in the case of hadrons, a number
of secondary particles would be produced via strong interaction. The digitization of
a hit is done by determining its (z, y, z) coordinates and time (¢) with respect to the
trigger, and they are stored as the simulation code output for further analysis.

A muon usually leaves a track with an average layer multiplicity of 1.4 [120], and
so the hits from both X and Y strips can easily be combined to obtain the number of
hits and their position coordinates (z, y) in a given layer. In Sec. 3.2, the algorithm,
which has been developed to reconstruct the muon momentum, is described. This
code includes steps for finding the track and fitting it to a Kalman—filter [123] based

algorithm to distinguish between ;= and p* and to calculate their momentum.
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NEUTRINO EVENT GENERATION

(Generates particles that result from a random interaction of a neutrino with matter using

NUANCE

theoretical models)
Output: 1. Reaction Channel
2. Vertex information
I 3. Four - momentum of all particles
EVENT SIMULATION

(Simulates the propagation of particles through the detector)

Output: 1. (X, Y, z, t) of the particles at vertex

2. The energy deposited
gy e GEANT4

3. Momentum information

EVENT DIGITIZATION

(Adds detector efficiency and noise to hits)

Output: 1. Digitized output of the previous stage

EVENT RECONSTRUCTION

Output: 1. Energy and momentum of muons and hadrons

Storage of information and analyses involve ROOT

Figure 3.2: The framework for ICAL detector simulation.

However in the case of hadrons, there will be multiple hits per layer and a shower
like feature will be formed. In the next chapter, the study of the hadron hit pattern,
its use to obtain the hadron energy resolution of ICAL and to calibration the hadron
shower energy would be discussed in detail. A typical neutrino interaction event
(simulated) in the ICAL, with the muon track and the hadron shower, has been
shown in Fig 3.3. Itis a DIS interaction event, with significant fraction of the incident

neutrino energy going the hadrons.
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Figure 3.3: A typical DIS interaction event in the simulated ICAl The black filled

triangles represent the muon track, while the red stars show the shower created by
the hadrons. [10]

3.2 THE MUON RECONSTRUCTION IN ICAL

The muon momentum reconstruction in ICAL has been done through an algorithm,
which involves steps to finding the track and fitting it with a Kalman-filter based
technique to distinguish between £~ and p and to calculate their momentum. The

various steps of this reconstruction algorithm has been described in the following.

3.2.1 TRACK FINDING

The hits in the RPC layers are assigned the (z, y) coordinates from their respective
pick—up strip information. The z—coordinate is provided by the certain layer infor-
mation. The time count for each hit is also recorded with respect to the trigger for
that event. The possible pairs of adjacent hits in a plane are combined to form a
cluster. The track finder algorithm then looks for the clusters in successive RPC lay-
ers. A set of clusters formed in adjacent layers are then combined through a curve

titting algorithm in order to obtain a tracklet. Tracklets close to each other are then
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picked to form a track, and the longest possible track in an event is obtained through
the iteration of this process [124]. The time information coming from all the x and y
strip hits in a layer are averaged, and this value determines the direction of the track
(upward or downward). This algorithm also distinguishes between muon-like and
shower-like tracks. A criteria of at least 5 hits in a muon-like track is imposed to
minimize the misidentification of a hadron shower or noise hits as a muon track. In
the muon-like tracks satisfying this criteria, the clusters in each layer are averaged
to one hit per layer, and the corresponding coordinate and timing information are

passed to the track fitting algorithm.

3.2.2 TRACK FITTING

The tracks picked by the track finder are then fitted with a Kalman-filter based al-
gorithm. This algorithm takes care of the energy loss of the propagating particle
and its bent path in the local magnetic field. Each of the tracks are assigned with an

initial state vector

XO = (xvyu dI/dy,dy/dZ7Q/p), (31)

where (z, y, 2) are the position coordinates of the earliest hit as determined by the
track fitter. The ratio ¢/p is the charge-weighted inverse of the momentum, which
is initialized as zero. The first two layers are used to determine the direction of the
track and the initial state vector is extrapolated and updated using the Kalman-filter

technique. The estimated state vector after [ layers is given by

Xi=F 1 Xi+U_y, (3.2)

where F' is the propagation matrix that transports the state vector from a plane to
the next. The propagation matrix contains information on the local magnetic field,
and is calculated for all adjacent pairs of layers in ICAL. A 5x5 covariance matrix C'

stores the expected error in the state vector. The process noise U stores the informa-
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tion on the multiple scattering and energy loss by the propagating particle [125, 81].
The track fitting is done to obtain the accurate estimation of the state vector at each
plane and eventually to obtain a best fit to the track.

The interaction vertex is reconstructed by extrapolating back the track at its be-
ginning by half a layer of iron, since the neutrino interactions are most likely to
happen in the iron layers. The best fit values of the momentum at the vertex are
assigned to be the incident momentum of the muon. The parameters ¢/p in the
state vector provides the magnitude of the muon momentum as well as the muon
charge. The direction # and ¢ of the muon are obtained from the parameters dz/dz
and dy/dz. The fits for which the goodness—of-fit is better than x?/ndf <10 are used
in the study. The ICAL response to muon, obtained using this algorithm, for fixed

energy muons generated using GEANT4 Monte Carlo are described in Sec. 3.3.

3.3 THE MUON RESPONSE OF ICAL

The ICAL capability of reconstructing muon momentum has been studied using
muons generated in the GEANT4 Monte Carlo at various energies and zenith angle.
A volume of 8 m x8 m x10 m in the central region of the central module of the de-
tector has been used to randomly generate the interaction vertex, and 10000 muons
at each energy and zenith angle combination are propagated. In all such sets, the
azimuthal angle is smeared uniformly between 0 to 27. The track reconstruction
efficiency, charge identification efficiency, muon momentum resolution and zenith
angle resolution are studied and quantified. The important results of this analysis

are mentioned below.

3.3.1 MUON MOMENTUM RESOLUTION

The distribution of the reconstructed muon momentum at low energies (P, <2 GeV)
show an asymmetric tail as shown in Fig. 3.4a. These distributions are fitted to a con-

volution of Landau and Gaussian probability distribution functions (PDF). The his-



3.3. THE MUON RESPONSE OF ICAL 89

tograms at higher energies show no asymmetric tails (as shown in Fig. 3.4b) and are
fitted to the Gaussian PDF. In order to keep a consistency in calculating the widths

of the distributions, the width for the Landau—Gauss convoluted fit is defined as

o = FWHM/2.35, (3.3)

where FWHM stands for the Full Width at Half Maximum.

The muon momentum resolution R (with its error d R) is defined as

R=0/P,, 6R/R=d0/o. (3.4)
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Figure 3.4: (a) The distribution of the reconstructed muon momentum at 1GeV. This
distribution shows a asymmetric tail and has been fitted to Landau convoluted with
a Gaussian. (b) The distribution of the reconstructed muon momentum at 5 GeV.
This distribution is asymmetric and has been fitted to a Gaussian. [9]

The muon momentum resolution as a function of the input momentum for dif-
ferent cos 0 is shown in Fig. 3.5. It can be seen from the figure that the resolution
improves initially with increase in momentum (upto about 6 GeV). At such small
momenta, the number of RPC layers crossed by the muon and the number of hits
increase with increasing energy, and also, the magnetic field causes significant bend-
ing. These enhance the accuracy of the momentum reconstruction. However, with
further increase in the incident momentum, the particle starts to exit the detector so
that only a partial track is confined in the detector. The radius of curvature of bend-

ing increases too, and the track becomes relatively straighter. These factors results
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in a poorer fit to the track, and hence the resolution worsens.
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Figure 3.5: The muon momentum resolution as a function of the input momentum
for different cos 6. [9]

3.3.2 MUON ZENITH ANGLE RESOLUTION

The zenith angle resolution is defined as the width of the reconstructed ¢ distribu-
tions, fitted to the Gaussian pdf. A sample at P, =5 GeV/c and cos § = 0.65 is shown

in Fig. 3.7. The narrow distributions indicate a good angular resolution.
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Figure 3.6: The distribution of the reconstructed muon direction at P, = 5 GeV/c

and cos 0 = 0.65. The narrow distributions indicate a good angular resolution of the
muons. The distribution is fitted to a Gaussian. [9]

In Fig. 3.7 the ¢ resolution as a function of the incident momentum at different
zenith angles is shown. For all input angles and F;, >4 GeV/c, the resolution is

better than a degree. At 10 GeV/c and beyond, the resolution curves approximately
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coincide.
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Figure 3.7: The 6 resolution as a function of the incident momentum at different
zenith angles. [9]

3.3.3 RECONSTRUCTION EFFICIENCY

The reconstruction efficiency (¢,..) is defined as

NT@C .
, with error d¢,.. = \/ €rec(l — €rec)/Niotals (3.5)

€rec =
Ntotal

where N, is the number of the reconstructed events irrespective of the charge, and

N,otar 18 the total events.
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Figure 3.8: The muon momentum reconstruction efficiency, as a function of the input
momentum and at certain cos # bins. [9]

The muon momentum reconstruction efficiency, as a function of the input mo-

mentum and at certain cos # bins, is shown in Fig. 3.8. The momentum resolution
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efficiency is marginally smaller than the track reconstruction efficiency, particularly
at smaller angles. This efficiency depends on the factors like the incident energy and
direction, the magnetic field strength.

As can be seen from Fig. 3.8, for momentum values < 4 GeV /¢, the reconstruction
efficiency increases with increasing incident momentum at all incident angles. This
is due to the increase in the number of hits with increase in incident momentum, as
the particle traverses more number of layers. This effect is the most for the particles
propagating in a near vertical direction. As the zenith angle increases, the number
of layers crossed by the particle becomes smaller. However, at higher energies, the
particle at any incident angle crosses sufficient number of layers, and the reconstruc-
tion efficiency becomes almost constant. A drop is observed in the reconstruction
efficiency of the vertical muons, which is due to the track being partially confined in
the detector and the requirement of a single reconstructed track to pick the events

to be analyzed.

3.3.4 RELATIVE CHARGE IDENTIFICATION EFFICIENCY

The charge identification of muons, provided by the direction of curvature of a track
in magnetic field, is very important to determine the neutrino mass ordering, as
it separates the neutrino and antineutrino interaction events. The relative charge

identification efficiency (¢) is defined as

Nci .
€id = N—d, with error de ;g = \/ecid(l — €cid)/Nrec, (3.6)

where N4 is the number of events with correct charge identification and N,.. is the
total number of reconstructed events.

The relative charge identification efficiency is shown in Fig. 3.9 as a function of
the incident muon momentum at different cos §. The muon undergoes multiple scat-
tering while propagating through the detector, and this may lead to an incorrectly

reconstructed direction of bending at smaller incident momentum, since the number
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Figure 3.9: The muon charge identification efficiency, as a function of the input mo-
mentum and at certain cos # bins. [9]

of layers crossed is small. This effect can be seen in Fig. 3.9 as the efficiency at lower
energies is relatively poorer. With increase in energy, the track length increases and

the reconstruction of the direction of the curvature becomes more accurate.

3.4 REMARKS

The reconstructed parameters of muons in ICAL have then been used to estimate
the potential of the ICAL detector in fulfilling its physics goals. However, in the
CC DIS and RS events, apart from the muon the hadrons too take away a signif-
icant fraction of the neutrino energy. In NC events, only hadrons are detectable.
In the next chapter, the study of the hadron hit distributions and the calibration of
the hadron energy has been discussed in detail. Thus, the ICAL physics sensitivity
would increase with the addition of the information on hadrons. For this, the ca-
pability of ICAL in reconstruction hadron energy is crucial. The observable in the
case of hadrons in an event is a shower like feature formed by the hits, close to the
interaction vertex and spread in a few layers with multiple hits per each layer. In
the next chapter, the study of the hadron shower hit distributions, and the method

of calibration of the hadron energy will be discussed in detail.






Chapter 4

THE HADRON ENERGY
RESOLUTION OF ICAL

In the case of CC-DIS and CC-RS interaction events, a significant fraction of the
incident neutrino energy is carried by the hadrons. The hadrons produce a shower
of hits via strong interactions, where the hits are confined to a few layers with a
much higher strip multiplicity as compared to the muons. Thus it is not possible to
obtain the energy of the hadrons from their tracks. However, the hadron energy can
be estimated using the shower hit information. In the case of CC events, the initial
neutrino energy can be reconstructed using the reconstructed energies of the final
state muon and hadrons. On the other hand, in the case of NC interaction events the
hadrons are the only observables in the detector, and the estimation of their energy
would be very important to study such interactions. In this chapter, the study of the
hadron hit pattern in ICAL, its use to obtain the hadron energy resolution of ICAL

and the calibration of the shower hits for the hadron energy are presented.

This chapter is based on JINST 8, P11003 (2013) [10].
95
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4.1 THE HADRON HIT PATTERN IN ICAL

Unlike the long passage of the muons, the hadrons pass through a few layers near
the interaction vertex, leaving multiple hits per layer to form a shower [126, 127,128,
129]. Due to this multiplicity, combining the X and Y strip hits would leads to some
false count of hits (ghost hits). To avoid the ghost hit counts, the energy calibration
may be done with counts from either X or Y strips. In the simulation code output,
variables z—hits and y-hits store the number of hits in the X and Y strips of the RPC,
respectively. The maximum of x-hits or y-hits in an event is stored as the variable
“orig—hits”. In Fig. 4.1 the comparisons of these three types of hit variables for 7=
of energy 3 GeV are shown. As is clear from Fig. 4.1 any of the variables z-hits,
y-hits or orig-hits can be used. In the analysis that follows, the variable orig-hits has
been chosen as the unbiased parameter. It may also be observed from Fig. 4.1 that
the detector response to the positively and negatively charged pions is identical.
Thus they have not been differentiated to study the detector response. In this study
the additional hits due to the edge effects and noise have been neglected, and these

will be incorporated once the data from the prototype detector becomes available in

future.
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Figure 4.1: The comparison of the simulation outputs variables x—hits, y-hits and
orig-hits. The left panel shows the comparison for 7~ at 3 GeV, while the right panel
shows the corresponding comparison for 7t events. The events are propagated
randomly through a 200 cm %200 cm %200 cm volume in the central part of the
detector. Also, from the two panels it is clear that the response of ICAl to 7~ and 7"
are identical. [10]
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In Fig. 4.2 the hit distributions in the detector for pions, kaons, and protons at

a few representative energies in the range of 1 — 15 GeV are shown. It is observed

that for all these hadrons the hit patterns are similar. Though the peak position

and spread vary depending on the particle, this variation is insufficient to make

the detector capable of distinguishing among the hadrons which have generated

the shower. The large variation in the number of hits for the same incident parti-

cle energy is partly due to angle smearing and more dominantly due to the strong

interaction processes with which hadrons interact with the detector elements. The

exception is 7V, which immediately decays into an e* e~ pair; the fewer number of

hits and the narrower hit distribution in this case reflects the nature of electromag-

netic interactions of this pair with the iron target.
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Figure 4.2: The hit distributions at various energies (angle-averaged) for 7%, 7%, K*
and protons propagated from vertices smeared over a 200 cm %200 cm %200 cm
volume in the central part of the detector. [10]
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We see that, the hit distributions are asymmetric with a long tail, and the Gaus-
sian distribution would not provide a good approximation particularly at low ener-
gies. Thus a suitable fit function that correctly reproduces the mean and variance at
all energies is required. In the following section, the trials and results of finding a

suitable PDF has been described.

4.2 A SUITABLE PROBABILITY DISTRIBUTION FUNC-
TION

From Fig. 4.2 it is clear that the hit distribution approaches the Gaussian pdf would
approximate the hit distributions only at energies greater than about 5 GeV. Since
most of the atmospheric neutrino events to be detected in ICAL would be concen-
trated in the energy range < 10 GeV, it becomes important to find a suitable PDF
for the hit distribution. The PDF should approximate the Gaussian at high energies.

Here the hit distributions are analyzed using three fitting functions. As we have
seen, the hit distribution is asymmetric, particularly at lower energies. The fol-
lowing functional forms are compared: (i) Gaussian, (ii) Landau convoluted with
a Gaussian, and (iii) Vavilov. The energy loss of a particle passing through mod-
erately thick absorbers is commonly modeled using the above three distributions
depending on the energy of interest.

In Fig. 4.3 the sample hit distributions are shown for 10000 pions (7*) propagated
through the detector from randomized vertex points in a 200 cm %200 cm %200 cm
volume in the central region, at sample energies of 3 GeV and 8 GeV, fitted to the
three functional forms. A comparison of the fit parameters is shown in Table 4.1,
where we also indicate the P—values obtained from the Kolmogorov—Smirnov (KS)
test. It is clear that the best fit is obtained with the Vavilov PDF [14, 15]. A sweep of
all other energies shows that the Vavilov PDF consistently gives a better fit than the

other distributions. This PDF will be used in the analysis presented in this chapter.
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Figure 4.3: The hit distributions at sample energies 3 GeV and 8 GeV, shown with
statistical errors and fitted with (top) Gaussian, (middle) Landau convoluted with
Gaussian, and (bottom) Vavilov distributions. The resulting fit parameters and qual-
ity of fits are shown in Table .
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Table 4.1: Comparison of the three different pdf fits for 3 GeV and 8 GeV pions. The
x* values as well as the Kolmogorov-Smirnov (KS) statistics quantify the substantial
differences in the quality of fits with different pdfs. Note that the mean and sigma
are less sensitive to the choice of PDFE. For comparison the mean and rms obtained
directly from the hit distribution are also shown in the third column.

B Parameters | Histogram Gaussian Landau Vavilov

X2 /ndf 4.6 4.2 1.7

3 GeV | P (KS test) 8.1x 1076 7.6 x 1076 0.95
n 6.019 6.022£0.043  6.021+£0.043  6.018 £ 0.044
o 3.484 3.671£0.042  3.601 £0.048  3.4314+0.052

X2 /ndf 2.204 2.01 1.607

8 GeV | P (KS test) 2.6 x 10~* 1.2 x 1074 0.92
n 14.813 15.151 £0.061  15.062 £ 0.063  14.781 £ 0.063
6.114 6.138 £0.051  6.129+£0.053  6.124 - 0.068

4.2.1 THE VAVILOV PROBABILITY DISTRIBUTION FUNCTION

As has been observed from Fig. 4.3, and Table 4.1, the Vavilov probability distribu-

tion function is indeed be a suitable one to represent the hit distributions.

The Vavilov PDF in the standard form is defined by [15]

1 c+ioco
Plasr ) = 5 [ olsjemds. (1)
where
#(s) = e, C=r(1+ %), (4.2)
and )
_ ,—st/k
P(s) = slnk + (s + %K) - |:/1+dt ’Y] — ke, (4.3)
0

where v = 0.577 ... is the Euler’s constant. The parameters mean and variance (o?)
of the distribution in Eq. (4.1) are given by
2 — (32

mean=~v—1—Ink — % o*= P (4.4)
K
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For x < 0.05 the Vavilov distribution may be approximated by the Landau distribu-
tion, while for £ > 10 it may be approximated by the Gaussian approximation, with

the corresponding mean and variance.

To fit the hit distributions the Vavilov distribution function P(z; s, 3?), which is

built into the ROOT package, has been modified to the form

(Pa/P5) P((x — )/ Ps; Py, P1). (4.5)

This has been done to account for the x—scaling (), normalization (P;) and the shift
of the peak to a non-zero value (P,). Clearly P, = x and P, = 3°. The modified mean

and variance are then

2 — P,
Meanvyailoy = (v — 1 — nPy— P) Ps+ Py, U%,avﬂov = —( 5P 1)P?)Q ) (4.6)
0

4.3 THE PION ENERGY RESOLUTION IN ICAL

Charged pions constitute the most prominent part of the hadrons produced in neu-
trino interactions. In this section the energy resolution of the ICAL for charged pi-
ons (7%) is discussed. Pions at fixed energies, generated using the GEANT4 Monte
Carlo, are propagated through a volume of 200 cm %200 cm %200 ¢cm in the central
region of the ICAL. In addition, since there is very little impact of the magnetic field
on the showers produced by hadrons, the hadron direction is uniformly smeared
over zenith angle 0 < § < 7 and azimuth of 0 < ¢ < 27. The angles are denoted
with respect to a reference frame shown in Fig. 2.1 where the origin is taken to be
the center of the detector, the z—axis points vertically up, while the plates are hor-
izontal in the zy plane. This serves to smear out any angle-dependent bias in the
energy resolution of the detector by virtue of its geometry which makes it the least
(most) sensitive to particles propagating in the horizontal (vertical) direction. The

modified Vavilov PDF as given in Eq. (4.5) has been used to fit the hit distributions.
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Figure 4.4: The parameters Fy, P, P, and P; of the Vavilov fit to the hit multiplicity,
as functions of pion energy, for fixed-energy charged pions. [10]

4.3.1 ANALYSIS OF THE PION HIT PATTERN

The energy resolution of pions can be parameterized using the Vavilov fit, which
has four parameters, Fy, P, P, and P;. In Fig. 4.4 the variation of the Vavilov pa-
rameters Py, P;, P», P; with pion energy are shown. The mean and o are obtained
from these parameters via Eq. (4.6). The main features of the Vavilov distribution
may be captured by the two parameters mean and sigma. However the remaining
information in the Vavilov parameters enables a good fit even in the regions of low
hit multiplicity and the tail of high hit multiplicity. These parameters can be used to

reconstruct the hit distributions at any given energy.

Note that for F, 2 10, Vavilov distribution reduces to a Gaussian pdf with the
corresponding mean and o. In this analysis this happens for energies greater than

~ 6 GeV. The actual power of Vavilov distribution is therefore apparent in the en-
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ergy range 1 — 6 GeV, which is the main region of interest for hadrons in ICAL.
The mean n(E) of the number of hits from the Vavilov fit at different energies
is shown in the left panel of Fig. 4.5. It increases with increasing pion energy, and

saturates at higher energies. It may be approximated by

n(E) =no[l — exp(—E/Eo)] (4.7)

where ny and Ej are constants. This fit has to be interpreted with some care, since
no and E, are sensitive to the energy ranges of the fit. The value of E is found to be
~ 30 GeV when a fit to the energy range 1 — 15 GeV is performed. Since the energies
of interest for atmospheric neutrinos are much less than £y, Eq. (4.7) may be used in
its approximate linear form n(E) = noE/E,. A fit to this linear form is also shown

in Fig. 4.5. Since in the linear regime (£ < Ey)

= — 4.8
e (4.8)
the energy resolution may be written as
o An(FE)
— = 4.9
E  aE) *9)

where (An)? is the variance of the distribution. In the rest of this thesis, the notation
o/ E will be used for energy resolution, and Eq. (4.9) will be assumed to be valid.

The energy resolution of pions may be parameterized by

2
%:\/%Mz, (4.10)

where a and b are constants. The energy resolutions for charged pions as functions
of pion energy are shown in the right panel of Fig. 4.5. The parameters a and b,
extracted by a fit to Eq. (4.10) over the pion energy range 1 — 15 GeV, are also shown

in that figure.
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Figure 4.5: (Left) The mean number of 7% hits from the Vavilov fit as a function of
the pion energy. A linear fit and a fit to the Eq. (4.7) are also shown. (Right) The pion
energy resolution as a function of pion energy. A fit to Eq. (4.10) is also shown. [10])

4.4 HADRON ENERGY RESPONSE IN ATMOSPHERIC
NEUTRINO EVENTS

In section 4.3 the analysis of the energy resolution with single pion events has been
described. But in reality there are multiple hadrons produced in the atmospheric
neutrino interactions. In this section the analysis with hadrons produced in v, inter-
actions in the detector via quasi-elastic (QE), resonance, and deep inelastic scattering
(DIS) processes is given. The QE process dominates at £, ~ 1 GeV, and contains
no hadron in the final state except for the recoil nucleon. Resonance events at a few
GeV contain an additional hadron, typically a pion. As the energy increases, the
DIS events that contain multiple hadrons in the final state dominate. The energy

resolution has been obtained for both CC and NC processes.

Both atmospheric neutrino (v,) and anti-neutrino (7,) events in ICAL, without
incorporating the effects of neutrino oscillations, are generated using the neutrino
event generator NUANCE (v3.5). The hadrons produced in these interactions are
mostly pions, but there about 10% events with kaons and a small fraction of other
hadrons as well. It is not possible to distinguish one hadron from the other using

the hit pattern of the hadron shower. However, since the hit distribution of vari-
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ous hadrons are similar to each other (see Fig. 4.2) and the NUANCE generator is
expected to produce a correct mixture of different hadrons at all energies, it is suf-
ficient to determine the hadron energy resolution at ICAL through an average of
NUANCE events, without having to identify the hadrons separately. A total of 1000
kt-yr of events (which is equivalent to 20 years of exposure with the 50 kt ICAL),
both CC and NC, were generated with NUANCE for this purpose.

For the CC interaction v, N — 11X, the incident neutrino energy is given by

El/ = Eu + Ehadrons - ENa (411)

where Ey is the energy of the initial nucleon which is taken to be at rest, neglect-
ing its small Fermi momentum. It can be seen from Eq. (4.11) that any uncertainty
in measuring the hadron energy will directly affect the determination of incoming
neutrino energy. The visible hadron energy depends on factors like the shower en-
ergy fluctuation, leakage of energy, and invisible energy loss mechanisms, which in
turn affect the energy resolution of hadrons .

The parameter £}, ,, defined as

Erg=E, —E,, (4.12)

is used to calibrate the detector response for the CC events. This parameter can
directly be used to reconstruct the neutrino energy.

The CC events were binned into the various Ej_, energy bins and the hit distri-
butions (averaged over all angles) in these bins are fitted to the Vavilov distribution
function. The energy dependence of the Vavilov fit parameters is shown in Fig. 4.6.
This information has been used directly to simulate the hadron energy response of
the detector for a x? analysis to study the ICAL physics potential, which is described
in Chapter 7.
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Figure 4.6: The Vavilov fit parameters I, P, P, and P; of the hit multiplicity, as
functions of E] 4, from NUANCE data. These parameters can be directly used to
reconstruct the hit distribution pattern. The bin widths are indicated by horizontal
error bars. [10]

The mean value () of the hit distributions, from the Vavilov fit, are shown in the
left panel of Fig. 4.7 as a function of E}_, . As expected, these are similar to the mean
values obtained earlier with fixed energy pions. Since the mean hits grow approxi-
mately linearly with energy, the same linearized approximation used in section 4.3.1
can be used to obtain the energy resolution o/E = An/n. The energy resolution as a
function of £}, is shown in the right panel of Fig. 4.7. The energy resolution ranges
from 85% (at 1 GeV) to 36% (at 15 GeV).

In the case of NC events the above definition of E|_, is not valid. Thus the anal-
ysis has been performed using the total energy of the final state hadrons £y, which
is given by

Eh == (El/ + EN)initial state — (Eu)ﬁnal state- (413)

Fig. 4.8 shows the energy resolution of the hadrons produced in NC v, interactions.

This can be used to obtain the visible energy in the NC interactions.
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Figure 4.7: The mean hit distribution (left) and the energy resolution (right) for
hadrons produced in CC events generated by NUANCE, as a function of £}, . The
right panel also shows a fit to Eq. (4.10). The bin widths are indicated by horizontal
error bars. [10]
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Figure 4.8: The energy resolution (right) for hadrons produced in NC events gener-
ated by NUANCE, as a function of the total hadron energy Ej, . It also shows a fit to
Eq. (4.10).

The effective energy response obtained from the NUANCE-generated data is an
average over the mixture of many hadrons that contribute to hadron shower at all
energies. The fractional weights of different kinds of hadrons produced in neu-
trino interactions may, in principle, depend upon neutrino oscillations. In addition,
the relative weights of events with different energy that contribute in a single en-
ergy bin changes because neutrino oscillations are energy dependent. Events with
oscillations using the best—fit values of standard oscillation parameters (mixing an-
gles and mass—squared differences) were also generated. The resolutions obtained
without and with oscillations are very close to each other. Thus, the hadron energy

resolution can be taken to be insensitive to oscillations.
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4.4.1 DEPENDENCE OF THE HADRON ENERGY RESOLUTION
ON THE AVERAGE DIRECTION OF THE SHOWER

The number of layers traversed by the hadrons in a shower, and the net hits would
depend on the direction of the hadrons. Thus, energy resolution for hadrons is ex-
pected to depend on their directions. Since it is not experimentally possible to iden-
tify the individual hadrons in an event in ICAL, the average zenith angle (0},44) of
the hadrons has been used as the parameter to check the angular dependence of
the energy resolution. The average direction (true) of a set of hadrons are obtained
by calculating the average momentum from their individual incident momenta ob-
tained from NUANCE. The feasibility of the measurement of this parameter will be
discussed in Chapter 5.

The events are divided into eight cos 6,4 bins, and the energy resolution is com-
pared. The hadron energy resolution as a function of cos 6,4, at a few representa-
tive E] 4 values, is shown in Fig. 4.9. The energy resolutions marginally vary with
cos 01,44, the worse value being in the cos 6,4 range [- 0.2 to 0.2]. Note that, the direc-
tion of the individual hadrons in an event may vary significantly from the average
direction, and those would affect the net number of hits deposited as well as the

number of layers crossed in that event.
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Figure 4.9: The hadron energy resolution (¢/E) as a function of cos ., at a few
representative energies.
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4.5 HADRON ENERGY CALIBRATION

When the actual ICAL detector starts collecting the data, the only available observ-
able for the hadrons are the hits. Therefore, a calibration of the hit multiplicity with
the hadron energy in the simulation level is essential. In order to obtain the cali-
bration, the hadron energy from simulated NUANCE CC event data were divided
into hit_n bins, where hit_n corresponds to n number of hadron hits. Sample energy

distributions at n = 10, 25 are shown in Fig. 4.10.

100=
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Figure 4.10: The hadron energy distributions for hit multiplicities 10 (left) and 25
(right). They are fitted to the Vavilov PDF. [10]

Even here, a good fit is obtained with the Vavilov distribution function at all
hit multiplicities. The variation of the Vavilov parameters with hit multiplicity is
shown in Fig. 4.11 using which the hadron energy can be reconstructed. The value
of Py is of the order of 0.1-1 at all hit multiplicities, which indicates that a Gaussian
distribution does not give a good fit. The meanyayioy and ovayily Obtained from
the fit are used to produce the calibration plot presented in Fig. 4.12. From the hit
multiplicity of the hadron shower in any event in ICAL, the hadron energy can be
estimated using this information. This can then further be used to reconstruct the

energy and direction of the incident neutrinos.
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Figure 4.11: The parameters Py, P, P» and P; of the Vavilov fit to the Ej ,; distri-
butions, as functions of the number of hadron hits, from NUANCE data. These
parameters can be directly used to reconstruct E},, for an event when the number
of hadron hits are known.
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Figure 4.12: Calibration plot for E; 4, where mean and o from the Vavilov fits are
represented by the red filled circles and error bars, respectively. [10]
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4.6 REMARKS

The ICAL detector, primarily optimized to be a good tracking detector for the muons
produced in CC atmospheric v, events, is also sensitive to the final state hadrons.
The inclusion of the hadron information is expected to improve the detector’s sen-
sitivity. Reconstructing the hadron energy and directions is also the only way to
investigate the NC events, which can provide information on the tau neutrinos, as
well as, on phenomena like active — sterile oscillations.

In this chapter, the methodology and results of a GEANT4-based simulation of
the ICAL detector, employed to obtain the energy calibration of hadrons from the
hadron hit pattern and to obtain their energy resolutions, has been shown.

The hadron events in the ICAL detector primarily consist of charged pions, with
a small fraction of other hadrons. The ICAL would not be able to separate different
hadrons in the detector. The parameter Ej (= E, — E,), is used to parametrize
the net hadron energy in an event. The hit patterns can be fitted to the Vavilov
distribution. A resolution in the range 85% — 36% is obtainable for hadrons produced
in CC neutrino interactions, at 1 — 15 GeV. The calibration for the energy of the
hadron shower as a function of the hit multiplicity has also been obtained. The
Vavilov fit parameters are used for simulating the hadron energy response of the
detector to perform the physics analyses studies, as described in Chapter 7. These
results can also be used to reconstruct the total visible energy in NC events. In
the case of the CC events, the total neutrino energy can be reconstructed using the
information on muon and hadrons, which is discussed in Chapter 6.

ICAL will be among the largest neutrino detectors sensitive to the hadrons, and
thus it is essential to fully explore its potential to the hadrons. Further information
on the hadron shower may be obtained from the shower shape and spread, which
would provide information on the average direction of the shower. In Chapter 5,

the reconstruction of the shower direction from the shower shape will be discussed.






Chapter 5

THE HADRON SHOWER DIRECTION
RESOLUTION OF ICAL

The upward going neutrinos passing through the Earth’s core and experiencing
significant matter effects and MSW resonances would be very crucial for the physics
sensitivity of the ICAL. Thus it is required to be able to distinguish between the up-
going and down-going neutrinos at ICAL. The incident neutrino direction may be
retraced from the final state particles using four-momentum conservations, if the
momenta of those final state particles are reconstructed. The muon momentum is
reconstructed using a Kalman-Filter based algorithm. As has been shown in sec-
tion 3.3.2, the muon direction can be reconstructed with a good precision (< 1°) [9].
In the case of the hadrons, since ICAL is not capable of distinguishing between in-
dividual hadrons on the basis of the hits recorded, it is not possible to reconstruct
the direction of each hadron. However, an estimation of the average direction of the
hadrons can be done using the shape of the hadron shower. Two methods namely
the centroid technique and the orientation matrix technique have been taken up for
this purpose. Both of the techniques use the position vectors of the shower hits with

respect to the neutrino interaction vertex. The vertex can be reconstructed in the CC

This chapter is based on [12], which is in preparation.
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events using the muon track reconstruction algorithm.

In addition, since the RS interaction events typically contain a single pion and
the DIS events contain multiple hadrons, the shower shape for this two interactions
are expected to be different to some extent. Thus shower shape can also be used to

differentiate between these two interaction processes.

In this chapter the two approaches towards the shower direction reconstruction
are discussed. The resolution of the shower direction has also been quantified here.
The separation of the DIS and RS events on the basis of the shower shape has also

been reported.

5.1 THE RECONSTRUCTION METHODOLOGY

The average direction of a shower like feature would depend on its shape and ex-
tent. For the hadron showers in ICAL, the position vectors of the hits in an event
with respect to the interaction vertex, have been used to extract the relevant infor-

mation. Two different techniques are tested for the shower direction reconstruction.

5.1.1 CENTROID TECHNIQUE

For each simulated event, the vertex position and the positions of hits forming the
shower are obtained. Each event is required to have at least one hit for analysis. At
El.qa = 1 GeV, 10% of the events fail to meet this constraint. However as energy
increases, the fraction of the useful events increases and at 5 GeV, only 0.5% events
are rejected. The direction of the centroid of the shower is found by summing over
the position vectors of each hit in that event [17]. For a shower constituting of N
hits with position coordinates (z;, y;, 2;; ¢ = 1, ..., N), if the vertex is (zo, yo, 20), the

direction of the centroid of the shower can be expressed as the vector P (X, Y, Z)
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The position vectors along the Z-axis are normalized to one layer to avoid overesti-
mation due to hits by the same particle in multiple layers. The direction of the vector

P is taken to be the reconstructed shower direction from the centroid technique.

5.1.2 ORIENTATION MATRIX TECHNIQUE

Additional information on the shower spread can be included by take into account
the higher order moments through the orientation matrix technique [17].
For a collection of unit vectors (z;, v;, 2),7 = 1, ..., N, the symmetric orientation

matrix T is defined as

Zz‘N:1 %2 ZzNzl TiY; ZZ]\; T;iZ;
=1y ey YL Sl |- (5.2)
Zi]\il Tizi sz\il Yizi Zz]\il Zzz

The eigenanalysis of this symmetric matrix gives an idea of the shape of the under-

lying distribution.
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If a unit mass is assumed to be placed at each point, then the moment of inertia

of the N points about any arbitrary axis (Zab, Yarb, Zarb) 1S

Larb
N — < Larb  Yarb Rarb )T Yarb (53)

Zarb

As the choice of axis varies, the variation of this moment of inertia gives information
about the scatter of the points around that axis. The axis about which the moment is
least, is the principal axis and it is defined to be the shower direction. The MIGRAD
and SIMPLEX minimizer algorithms, inbuilt in the TMinuit class in ROOT, are used

for this calculation [16] .

5.2 THE RESULTS

The results of the hadron shower reconstruction using the two methods described
in section 5.1 for CC v, events propagating through a 200 cm %200 cm x200 cm
volume in the central region of the detector are presented here. The resolution of
two reconstructed quantities, the average shower direction vector (as.4) and the

average zenith angle (),4) has been obtained.

5.2.1 THE o, RESOLUTION

The parameter o, is defined as the angle between the reconstructed shower direc-
tion and the true shower direction. The true shower direction is obtained from the
net momentum of the hadrons constituting the shower, as available from the NU-
ANCE generator. Fig. 5.1a shows the comparison of the a4 distributions obtained
from both the centroid and the orientation matrix methods, at E;,, = 4.5 - 5 GeV

and cos 0" = [1, 0.8]. Clearly, the latter method gives a marginally better result.
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Figure 5.1: (a) The a4 distributions from the centroid and orientation matrix meth-
ods, at E|,4 = 4.5 -5 GeV and cos 6} = [1,0.8]. (b) The ayqq distribution from the
orientation matrix technique, fitted to Eqn. (5.4). Here, the parameters p0 = A, and
pl = B.

In Fig. 5.1b the a4 distribution from the orientation matrix technique is fitted

with the function

f(ahad) = A Qpaq - GXP(—B : Oéhad), (5.4)

where A and B are the two parameters using which the mean and the standard
deviation of the distribution can be calculated. Note that, the fraction of events
within 1o, 20 and 3¢ confidence level of the actual a4 value are roughly 82%, 94%
and 98% respectively. It is different from the typical significance levels in the case of

normal distributions. The direction resolution o, _, is defined as

Tanas = V ((haa)?) = (Ahad)?, (5.5)

where (apqq) and ((ap.q)?) are calculated using the fit parameters A and B. In terms

of the fit parameters,

V2
gOéhad = ? (56)
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Figure 5.2: The direction resolution o,,,, as a function of the E|_,, in the | cos 044
bins [1, 0.8], [0.8, 0.5], (0.5, 0.2], and [0.2, 0).

In Fig. 5.2 the direction resolution o,,_, is shown as a function of the E]_, in the
| cos Opqql| bins [1, 0.8], [0.8, 0.5], [0.5, 0.2], and [0.2, 0]. In the | cos 6.4 bin [0.2, 0],
the direction resolution is worse. It is due to the geometry, since the thickness of the
iron plate traversed increases with increasing zenith angle, and it affects the number

of hits recorded.

5.2.2 THE 6;,; RESOLUTION

The quantity A8}, is defined as
AbOnaa = Oy — Ot - (5.7)

The distributions of A}, obtained from the two methods, are shown in Fig. 5.3a.
As expected, the orientation matrix gives a improved estimation of 6;,,4. In Fig. 5.3b
the Af;,4 distribution from orientation matrix technique, is fitted to the Breit-

Wigner distribution. The functional form of the Breit-Wigner distribution is given

by )
L(z) = ! 2 (5.8)

7-(_(1’_1‘0>2+527

where I is the FWHM, i.e., the full width at half maximum and z, is the mean. The
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resolution of 6,,,, is defined as
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Figure 5.3: (a) The Af),, distributions from the centroid and orientation matrix
methods, at Ej,, = 45 -5 GeV and cos 6" = [1, 0.8]. (b) The A8, distribution
from the orientation matrix technique, fitted to Eqn. (5.4). Here, the parameters p0
=zg,and pl =T
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Figure 5.4: The direction resolution o,,,, as a function of the E}_,, in the | cos 0.4
bins [1, 0.8], [0.8, 0.5], [0.5, 0.2], and [0.2, 0].

In Fig. 5.4 the direction resolution 6,4 is shown as a function of the Ej , in the
| cos Opqql bins [1, 0.8], [0.8, 0.5], [0.5, 0.2], and [0.2, 0]. A lookup table in terms of the
tit parameters and resolutions as a function of energy can further be used to include
Ohqq in a statistical analysis of the ICAL sensitivity. The shape of the shower can also

be used to separate the RS and DIS events, which is discussed in section 5.3.
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5.3 SEPARATION OF RS AND DIS EVENTS

The hadron showers produced in the resonance scattering (RS) and the deep in-
elastic scattering (DIS) interactions of v, are expected to differ in shape. The RS
processes usually produce a single pion, whereas the DIS processes produce multi-
ple hadrons. Thus the shower spreads in the case of the DIS events are expected to

be larger than those in the RS events.

A quantity P, has been defined to study the transverse extent of the hits in a

shower. For a shower with N hits, it is given by

N
P,=> pi, (5.10)
=1

where p; is the perpendicular distance of the i*" hit on the average direction vector

of the shower.
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Figure 5.5: The comparison of the distribution of the transverse spread P, for the RS
and DIS interaction events at (a) F| 4 = (2-3) GeV and (b) E| 4 = (5 —6) GeV.

In Fig. 5.5 the distributions of the transverse spread P, for the RS and DIS inter-
action events are compared at £}, = (2—-3) GeV and E|; = (5 - 6) GeV. As expected,
the spread in the RS events is much narrower than that in the DIS events. Thus the

quantity P, is a useful tool to separate out the two different interaction processes.
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54 REMARKS

In this chapter the methodology and results of the reconstruction of the mean di-
rection of the hadron shower are discussed. It is difficult to reconstruct the average
direction of the hadron showers as accurately as that of muons, however even an ap-
proximate estimation is also useful to obtain additional information on the hadron
showers. The hadron information of the hadron hits, in terms of their position vec-
tors with respect to the interaction vertex, are used. In the first approach, the direc-
tion of the centroid of the hadron shower is obtained. The accuracy of reconstruction
is slightly increased in the second approach, by taking into account the higher order
moments by the use of an orientation matrix. A resolution in the range 20° — 7° is
obtained for the average direction vector of the hadron shower. Similar resolutions
are also obtained for the mean zenith angle of the hadrons. These results may be
used to have the hadron direction as an observable for the ICAL physics studies.

The shower shape can also be used to differentiate between different types of
interactions. The RS events produce a single pion, and the shower is expected to
be narrower. While, the DIS events produce multiple hadrons, and the showers are
broader. The net transverse extent of the hits with respect to the shower direction
vector is a useful quantity, and can be used to separate these interactions.

The reconstructed hadron energy is then used to reconstruct the neutrino direc-

tion. This will be described in Chapter 6.






Chapter 6

THE RECONSTRUCTION OF
NEUTRINO ENERGY AND ANGLE

The reconstruction techniques and the resolutions of the muon momentum and
its direction, and those of the hadron energy and the average direction of the hadron
shower, have been discussed in Chapters 3, 4 and 5 respectively. These recon-
structed parameters are then used to reconstruct the energy and direction of the

incident neutrino in the CC interaction events.

To reconstruct CC v, events, events with a reconstructed muon momentum are
considered. Note that this analysis is done with the events fully contained (FC) in
the ICAL detector. It is assumed that, the muon track and the hadron shower can
be separated with 100% efficiency. Applying the energy and momentum conserva-
tion, the energy and direction of the incident neutrino have been reconstructed. The
efficiency of reconstruction of the neutrino events and their leptonic charge iden-
tification, the neutrino energy and direction resolution in ICAL are discussed and

quantified in this chapter.

This chapter is based on [12], which is in preparation.
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6.1 THE RECONSTRUCTION EFFICIENCY

The reconstruction efficiency (el,.) of the v, events is defined as

rec)

N,
€ = with error §¢”,, = /e (1 — €%} /Niotar, (6.1)
Ntotal

where N, is the number of events with reconstructed muon momentum irrespec-
tive of the charge, and N, is the total events. Here the criteria on the muon track

fitting has been taken as x?/ndf < 10.
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Figure 6.1: The reconstruction efficiency of the (a) CC v, events, and, (b) CC 7,
events in ICAL, as a function of the neutrino energy for the | cos6,| bins, 1 - 0.8, 0.8
-0.5,0.5-0.2and 0.2 - 0.

The neutrino event reconstruction efficiency, as a function of the input neutrino
energy (£,) and at certain cos 6, bins, is shown in Fig. 6.2. It ranges between 40% to

90% in various (E,, cosf,) bins.

6.2 THE CHARGE IDENTIFICATION EFFICIENCY

The neutrinos and antineutrinos are differentiated by the separation of the muon
and antimuon tracks by virtue of their direction of bending in the magnetic field in

the ICAL. The (leptonic) charge reconstruction efficiency (e%,,) of the CC neutrino



6.3. THE NEUTRINO ENERGY RESOLUTION 125

events is defined as

Ny .
€eid = N_Ca with error, dejq = \/EZid(l — €gia) /Nree; (6.2)

rec
where N, is the number of events with reconstructed muon momentum irrespec-
tive of the charge, and NV, is the number events with correct charge identification.
The charge identification efficiency of the neutrinos, as a function of the input neu-
trino energy (£,) and at certain cos 6, bins, is shown in Fig. 6.2. It varies between

65% to 90% in various (F,, cos#6,) bins.
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Figure 6.2: The charge identification efficiency of the (a) CC v, events, and, (b) CC
v, events in ICAL, as a function of the neutrino energy for the | cos6,| bins, 1 - 0.8,
0.8-0.5,0.5-0.2and 0.2 - 0.

6.3 THE NEUTRINO ENERGY RESOLUTION

The muon energy (£,) is reconstructed using a Kalman filter based algorithm, as
discussed in section 3.2. The hadron energy parameterized by £}, is estimated us-
ing the calibration of E]_; against hadron hits (as stated in section 4.5). The neutrino
energy is reconstructed as

Eree = B 4 B . 6.3)

Fig 6.3 shows a typical distribution of (EI*® — Ef™™). Those distributions at various

(E,, cos 6,) bins are fitted to the Vavilov distribution function. The relative neutrino
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energy resolution, defined to be ov.yiov/E,, at those bins are shown in Fig. 6.4. The
energy resolution is found to be flat in the F, range 1 — 10 GeV, in the range (22
— 26)%. The reason is, though both the muon and the hadron energy resolution
show sharper variation with energy, the neutrinos in any of the bins are composed

of muons and hadrons in a wider energy range.
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Figure 6.3: The distribution of (El**—E!""®) for E, = 3.5-4 GeV, and | cos 6, | = [0.8, 1].
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Figure 6.4: The energy resolutions of (a) v, and (b) 7, in ICAL, as a function of the
neutrino energy for the | cos§,| bins, 1 - 0.8, 0.8 -0.5,0.5-0.2 and 0.2 - 0.

6.4 THE NEUTRINO DIRECTION RESOLUTION

The direction of the incident neutrino can be calculated via the four-momentum

conservation of the neutrino interaction. The reconstructed parameters (energy and
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momentum, direction) of the muon and the hadrons are used here. The resolution
obtained through this method might be slightly coarser as it includes the uncertain-
ties in the measurements of the parameters of both the muon and the hadrons. An
alternative approach is the indirect estimation of the neutrino direction from the
scatter angle between the incident neutrino and the muon, which does not include
the the hadron reconstruction. Both of the methods are discussed in the following

subsections.

6.4.1 THE 0, RESOLUTION USING HADRONS

The (X, Y, Z) projections of the neutrino momentum, in terms of the muon and

hadrons, are given by

P,x =P, -sin 0, - cos ¢, + Phaq - sin Onag - COS @Phad, (6.4a)
Pl/Y = PM - sin Qli - sin QZS“ + Phad - sin Ghad - sin ¢had7 (64b)
P,z =P, -cos 0, + Ppaq - cos Opaq. (6.4¢)

The neutrino zenith angle 6, can then be calculated as

/P2 P2
M_ (6.5)

tan 0, =
Pl/Z

The reconstructed P, ,,, and ¢,, are obtained from the Kalman track fit algorithm.
Phad is reconstructed using the calibration of P against the hadron hit number,
where P is the sum of the momentum of all the hadrons in an event. The angles
Ohaa and ¢naq are reconstructed from the hadron hit information using orientation

matrix technique.

Fig. 6.5 shows a sample distribution of the difference between 6, . and ¢

Vtrue Vrec*

These distributions are fitted to the Breit-Wigner distribution function. The func-
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tional form of the Breit-Wigner distribution is

0 PR 6.6)
™ (.13 — LU(])Q +

o

The Lorentzian fit is parameterized with the mean (zy) and the FWHM (I'). The
HWHM (I'/2) is defined as the direction resolution which is shown in Fig. 6.6. It is

in the range 19° - 7.5° depending on the neutrino energy and cos ¢,.
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Figure 6.5: The distribution of (¢,,,,, — 0,,.. ) for E, =4-5GeV, and | cos 6,| = [0.8, 1].
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Figure 6.6: The zenith angle resolutions of (a) v, and (b) 7,,.
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6.4.2 THE SCATTER ANGLE BETWEEN NEUTRINO AND MUON

The angle between the direction of the incident neutrino and the direction of the
secondary muon, «,, also gives a naive estimation of the neutrino direction, when
the muon direction is reconstructed. Since the muon direction reconstruction is quite
precise in ICAL, this scatter angle would also provide information on the direction
of the incident neutrino. However, note that, o, would provide an indirect hint of

the neutrino direction.
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Figure 6.7: The o, distributions at (a) £, =1-2 GeV, and (b) £, =4 -5 GeV.

Fig. 6.7 shows two sample «, distributions at £, =1 -2 GeV, and, £, =4 -5
GeV. The mean «,, as a function of the neutrino energy is shown in Fig. 6.8. This
information, combined with other reconstructed parameters, can be used to extract

the true direction of the incident neutrino.
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Figure 6.8: The distribution of (0,,,,. — 0.,.. ) for E, =4 -5GeV and | cos 6,| = [0.8,1].
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6.5 REMARKS

In this chapter, the reconstructions of the neutrino energy and direction are dis-
cussed. The energy and direction of the incident neutrino have been estimated from
the reconstructed momentum of the final state particles through the application of
the 4-momentum conservation. The neutrino energy is reconstructed by adding up
the reconstructed energies of the muon and the hadrons in each event. For the events
tully confined in ICAL, the energy resolution of neutrinos in the ICAL is in the range
(22 = 26)%. The muon and hadron momentum information is used to calculate the
X, Y and Z projections of the neutrino momenta and eventually the neutrino direc-
tion. The resolution of the neutrino zenith angle at the ICAL is in the range (19°
— 7.5°). In an alternative approach, the neutrino direction has also been estimated
from the average scatter angle between the incident neutrino and the reconstructed
final state muon.

The coarse neutrino energy and direction resolution, mentioned in this chapter,
are still preliminary and would not be able to produce an improved physics sensi-
tivity. It is due to the fact that, the naive addition of the reconstructed parameters
of the muons and the hadrons dilute the advantage of the precise reconstruction of
the muon momentum. Instead of this the use of the muon and the hadron resolu-
tions separately, boosts the ICAL sensitivity towards its physics goals. This will be

discussed in Chapter 7.






Chapter 7

ENHANCING THE ICAL PHYSICS
REACH WITH HADRONS

The ICAL experiment would primarily aim to identify the neutrino mass hierar-
chy from the observations of atmospheric muon neutrinos. It would also improve
the precision on the atmospheric neutrino mixing parameters as well as fulfill a
number of other goals, which have been mentioned in Chapter 2. The design of
ICAL is primarily optimized to measure the muon momentum. Further, the ICAL,
being a magnetized detector, would also be able to separate the v, and 7, events,
through the distinction of the muon and antimuon tracks in the magnetic field. In
addition, it is also capable of measuring the hadron energy in each event. Although
the hadron energy is measured with relatively poorer resolution, it nevertheless con-
tains crucial information on the event, which may be utilized when taken concomi-
tant with the muon data. The capability of the ICAL, in reconstructing the muon
and the hadron information, has been studied using a simulation framework, as
described in Chapter 3 and Chapter 4, respectively.

The physics potential of ICAL, in fulfilling its prominent physics goals, can be

studied from the event rates expected in the detector. The initial analysis of the

This chapter is based on JHEP 1410, 189 (2014) [20].
132
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physics reach was carried out using the muon momentum (£, cos §,,) only [18, 19].
In this section, the ICAL sensitivity, after adding the hadron energy information to
the muon energy and muon direction in each event, has been discussed. It is ob-
served that, the hadron energy, when added to the analysis by treating F/, and E',.q
as two separate variables in each event, improve the results significantly. In this
approach, the correlation between these two quantities in each event is taken care
of. The enhancement of the ICAL physics potential, for determining the neutrino
mass hierarchy, the atmospheric mass squared difference and the mixing angle 6.3,
and its octant, obtained using the values £, cosf, and E',,q from each event as

independent variables has been presented in this chapter.

This chapter is started with a discussion on the Earth matter effects on the neu-
trino oscillation probabilities, which is the motivation behind the physics study with
the ICAL detector. The exploration of the hadronic contribution in the neutrino
events of interest in ICAL, the numerical analysis procedure and the enhanced re-

sults are then discussed in the subsequent sections.

7.1 THE EARTH MATTER EFFECT ON NEUTRINO OS-
CILLATION PROBABILITIES

The atmospheric muon neutrinos and antineutrinos are produces via the two chan-
nels, the survival channel v, — v, (7, — 7,), and the oscillation channel v. — v,
(e — 1,). For the sake of simplicity, if it is approximated that |[Am3,| < |Am3,] (or,
|Am3,| < |Am3,|), then assuming a constant mater density, these two probabilities

can be written as

_ ) . mn L(km
P = sin? O3 sin? 207 sin® | 1.27(Am3,) ﬁ , (7.1)
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and

Lk
Py =1 - cos? 0% sin? 26,3 sin® {1.27 (Amgl + A+ (Am?ﬂ)m) (km) 1

— sin® 0% sin® 20535in? {1.27 (Am3 + A — (Am3)™)

. 2 m . L(km
— sin” fy3 sin? 072 sin® {1.27(Am§1) E((Ge\;)] ,

where the mass-squared difference (Amj3;)™ and the mixing angle 67 can be ex-

pressed in terms of their values in vacuum, as

(Am3)™ = \/(Amgl cos 2013 — A)? + (Am3, cos 263)2, (7.3)

and
sin 207 = Ami, sin 2013 . (7.4)
t V (Am3, cos 2013 — A)? + (AmZ, cos 26;3)?

Here A = 2v/2Gyn E is the MSW matter potential which depends on the Fermi
coupling constant (Gr), the number density of the electrons (n.) and the energy of
the neutrinos (F). The corresponding probabilities for antineutrinos can be written

by replacing A by —A in the above probability expressions.

From the approximate probability expressions above, it can be seen that, for a
non-zero 0,3, the values of P and Py would be different for the normal hierarchy
(Am3; >0) and the inverted hierarchy (Am3, < 0). Also, the probability is different
for neutrinos and antineutrinos. Fig. 7.1 illustrates this difference in the two proba-
bilities, for a fixed L = 7000 km, and in the energy range (0.5 — 20) GeV. Note that,
the probability values plotted in this figure have been generated numerically, using
the 24-layer PREM [130] profile of the Earth matter density and without neglecting
the value of Am3,. The set of oscillation parameters used to generate this figure has
been mentioned in the figure caption. This distinction, through the detected event

rates in ICAL, can be used to determine the true hierarchy. Since the ratio of atmo-

spheric v, to v, is nearly 2 in the sub—GeV energy range and the ratio increases at
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Figure 7.1: (a) The probabilities P,7, (b) P, (c) P} and (d) P!, as a function of the
neutrino (antineutrino) energy in the range 0.5 — 20 GeV, at fixed L = 7000 km. Note
that, the 24 layer PREM [130] profile of the Earth matter density has been used in the
calculation of these probability values. The oscillation parameters used are, sin® 26,3
= 0.1, sin® Oy = 0.5, sin? 2015 = 0.84, Am2, = 7.5 x 107° eV?, |[Am2,| = 2.4 x 1073 eV?,
dcp =0 deg.

higher energies, it is clear from Fig. 7.1 that the events in the detector would domi-

nantly come from the survival channel of v,s.

The recent discovery of a non—zero 6,3 at the reactor 7, disappearance experi-
ments [99, 100, 101, 102, 103, 104] and at the accelerator v. /7, appearance exper-
iments [108, 105, 106, 107], has does been a very good news for the experiments
looking for the detection of the true mass hierarchy. The moderately large value of
63 opens the gateway to probe the sub-leading three—flavor effects in current and
future neutrino oscillation experiments. Thee mass hierarchy (MH), can be probed

through the measurement of the matter effects on neutrinos as they pass through the
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_ pNH TH
A Puu = PEH - Puu

Figure 7.2: Oscillograms showing the value of the parameter AP,, in the E, — 0,
plane for (a) v, and (b) 7,. Note that, the 24 layer PREM [130] profile of the Earth
matter density has been used in the calculation of the probability values. The oscil-
lation parameters used are, sin® 20,3 = 0.1, sin® fy3 = 0.5, sin® 20,5 = 0.84, Am2, = 7.5 x
107° eV?, [Am3,| =24 x 107 eV?, §cp = 0 deg.

Earth over long distances [109, 110, 111, 112, 113]. The differences in the oscillations
probabilities of the neutrino and antineutrino, arising due to the matter effects, are
crucial to determine the MH [114, 115] and have been illustrated in the following

paragraph.

The baseline L in the case of the atmospheric neutrinos traveling through earth
(i.e., the neutrinos reaching the ICAL detector from below) may vary from a few km
to approximately 13, 000 km depending on its incident direction on the detector. The
probabilities, being functions of L and £,, would thus vary in the E, — 6, plane. The
parameter

AP, =Py — PH (7.5)

o

would provide information on the potential of determining the mass hierarchy
through the Earth matter effects. Fig. 7.2 shows the variation of AP,, in the £, —
cos 6, plane for the neutrinos as well as the antineutrinos. It can be observed from
the figure that the magnitude and sign of AP, fluctuates, which indicate the regions
in the £, — cos 6, plane which would contribute significantly to the mass hierarchy

determination. A detector with good energy and zenith angle resolution would be
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able to explore the regions with strong matter effects. Also, since the matter effects
in neutrinos and the antineutrinos are complementary to each other, separate ob-
servation of these two would improve the scope of mass hierarchy identification,

particularly for the experiments which would expect relatively low statistics.

7.2 THE HADRON CONTRIBUTION IN CC v, EVENTS

As has been discussed in Chapter 2, the three main processes namely the quasi-
elastic (QE), resonance scattering (RS) and deep inelastic scattering (DIS) contribute
to the CC v, interactions in the ICAL detector. The QE process, with no hadrons
produced in the final state, dominates in the sub—GeV range. With an increase in the
incident neutrino energy to multi-GeV range, the Hadronic showers start appearing
in resonance (RS) and deep-inelastic scattering (DIS) processes. The final hadronic
state in the RS process mostly consists of a single pion, though multiple pions may

contribute in a small fraction of events.
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Figure 7.3: The number of (a) neutrino and (b) antineutrino events in ICAL, pro-
duced with QE, RS and DIS processes as functions of neutrino energy, with an ex-
posure of 500 kt-yr, in the absence of oscillations. The total number of events is
also shown. Note that this figure has been plotted with the event information at the
generator level, without the detector response. [20]

In the DIS process, multiple hadrons are produced in the final state, which carry
a large fraction of the incoming neutrino energy. Fig. 7.3 shows the relative con-

tributions of these three processes to the total number of events in the absence of
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oscillations, obtained using the event generator NUANCE, which have been used
in the analysis presented in this chapter. In the neutrino energy range 5 — 10 GeV,
which is expected to have significant matter effects that will enhance the mass hi-
erarchy identification, the contribution of DIS events is significant. Therefore, the

information on hadrons produced in these DIS events is crucial.
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Figure 7.4: The average inelasticities (y), for (a) neutrinos and (b) antineutrinos, in
QE, RS, DIS processes as a function of neutrino or antineutrino energies. The black
line indicates the (y) for all processes combined. [20]
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Figure 7.5: The distribution of inelasticity y in QE, RS and DIS events, for (a) neu-
trinos and (b) antineutrinos, with neutrino energies in the range 4 — 7 GeV, with
an exposure of 500 kt-yr, in the absence of oscillations. The distribution of y for all
events combined is shown by the black histogram. [20]

The fraction of the neutrino energy that is carried by hadrons in an event can be
indicated by the inelasticity, defined as y = (£, — E,)/E, = E|,4/E,. In Fig. 7.4
the average inelasticities (y) in the three interaction processes are shown, separately

for the neutrinos and the antineutrinos, as a function of the incident energy of the
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neutrino/antineutrino. The significant (y) of the DIS events imply that a large frac-
tion of the energy of the incoming neutrino goes to the hadrons in the energy range
of interest for MH determination. Though the average inelasticity in this energy
range does not fluctuate much, the inelasticities in individual events have a wide
distribution as shown in Fig. 7.5 for a sample £, range ( 4 — 7 GeV). This implies
the importance to treat the y values in individual events separately. Therefore, in
this analysis the energies of hadrons and muons obtained in each event are treated
separately, so that the correlation between them is not lost. A similar analysis has
been done in [131], which shows significant enhancement. The procedure of the

numerical analysis has been discussed in the next section.

7.3 THE ANALYSIS PROCEDURE

In this work, the oscillation analysis is carried out with the muon energy (£,), muon
direction (cos §,,), and the hadron energy (E],, = E, — E,), in a neutrino interaction
event as separate observables. Only the CC interaction events are used. It is as-
sumed that the the reconstruction of the hadrons is 100% in an event where the muon
is reconstructed. Thus the reconstruction and charge identification efficiency of the
neutrino event are determined by the muon reconstruction. Also the muon and
hadron hits are assumed to be separable with 100% efficiency. The lookup tables for
the muon and hadron responses of the ICAL as given by the INO collaboration has
been used. The background hits coming from other sources such as the NC events,
CC v, events, cosmic muons, and the noise, have not been taken into account, ans
assumed to be of marginal effect. Note that, at a magnetized iron neutrino detector
(MIND) which is similar to ICAL, these background can be reduced to the level of
about a per cent by using the cuts on track quality and kinematics [132].

The analysis procedure consists of various steps, like, the neutrino event gener-
ation, inclusion of the oscillation effects, incorporation of the detector response and

the statistical analysis. These steps are described in the following subsections.
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7.3.1 EVENT GENERATION AND THE INCLUSION OF OSCILLA-
TIONS

Using the NUANCE event generator, v, and 7, interaction events are generated,
with the ICAL detector specifications given as input. The atmospheric neutrino
fluxes were provided by HONDA et al [133]. for the Superkamiokande location.
The differential cross sections for all the possible processes for both the charged-
current (CC) and the neutral-current interactions, for all the nuclear constituents of
the materials of ICAL is incorporated in NUANCE. The event rates for all scatter-
ing processes and possible target nuclei are calculated by multiplying the neutrino
fluxes with the interaction cross sections. Event kinematics are generated based on
the differential cross-sections. The total number of v, events comes from the chan-
nels v, — v,, and v, — v,. For each event, the NUANCE output consists of the

4-momentum of the initial, intermediate and final state particles.

To reduce the Monte Carlo (MC) fluctuations in the event sample, interactions
for an exposure of 1000 year x 50 kt are generated and scaled down to the various
required exposures. Generation of such a large event-set for each set of oscillation
parameters is very much time consuming and would have been practically impossi-
ble within a reasonable time frame. Therefore, we have generated one set of events
for no oscillations and the oscillation effects are imposed by applying a re-weighting
algorithm. In order to calculate the oscillation probability, the path traveled between

the production point and the detector, for a given cos,, is given by

L=+/(R+ Ly)? — (Rsinh,)? — Rcosb,, (7.6)

where R is the radius of the Earth (6378 km) and L, is the average height of the
atmospheric neutrino production (~ 15 km). The re-weighting is then done by gen-
erating a random number between 0 — 1 for each event and comparing it to the

relevant oscillation probability [18].
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7.3.2 INCORPORATION OF THE DETECTOR RESPONSE

The detector response (reconstruction and charge identification efficiencies and res-
olutions) are then incorporated upon the raw binned data one by one. First, the 1~
events (N,_) after applying the reconstruction efficiency in a given (£} ,,, E,, cos0,)
bin is obtained by multiplying the true number of events with the corresponding

reconstruction efficiency
Ny (Ey, cos by, Bl q) = €r-(E,, cos6,) x N(E,, cosb,, Ej,q) - (7.7)
Then the charge identification efficiency is applied as in the following.

NE, (E,,cos0,, El4) = €¢c- X N\—(E} 4, By, c080,) + (1 —ec+) X N+ (E,, cos 0, B L)
(7.8)
where ec- and e+ are the CID efficiencies for y~ and p* respectively, and are func-

tions of F, and cos 6,,.

Finally the muon energy and direction resolutions and the hadron energy reso-

lution are applied as
(N2 =D D> N (By, cos i, i) KH(E) M (cos ) Ni(Efia),  (7.9)
I m n

where (N );;; denotes the number of muon events in the i"" E,, - bin, the j™ cos 0,
- bin and k' E],, - bin, after applying the energy and angle resolutions. Here
E,, cosf, and E] , are the measured muon energy, muon zenith angle and hadron
energy respectively. The summation is over the true £, bin [, the true cos, bin m
and true £}, bin n, with E!, cos 07" and E}, being the respective central values of
the I'" true £, bin, m™ true cos 6, bin and n'" true E} 4 bin. The quantities K7, M}

and N;' are the integrals of the detector resolution functions over the bins of the
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measured values of E,, cos§ and E] ;. They are calculated as

KU(EY) = /EH dE,— e (- B _ By (7.10)
g By, V2mop, ZO'EZF
and
m m cos i, 1 (cos 0 — cosh)?
M:"(cosO)') = /COSG#L. d cos HH—M exp | — 207 (7.11)
n m E;Lade ,
N (Efa) = / dE} g Pyavilov (o, Pr, Pa, P3), (7.12)
E;l(lde

where ogy and o on are the resolutions of muon energy and zenith angle, respec-
tively, in these bins. The Pyayiy is the modified Vavilov probability distribution
function, as defined in section 4.2.1, with the P, (: = 0,1,2, 3) being the parame-
ters which describe the reconstructed Ej ; distributions. The integrations have been
performed between the lower and upper boundaries of the measured values of the

observables.

7.3.3 THE x?> ANALYSIS

The Poissonian definition of x% for p~ events as given below is used

Ngy

1 od VB, Neoso,, Ntheory
2 . theory — ardatay data ijk
X~ = min E E E 2(Njp. Niji*) = 2N In N data

=1 =1 k=1 ijk

5
+> &, (7.13)
=1

where

5
Vg = g (14 Y ale ). (7:14)
=1

Here Nitjh,fory and N are the expected and observed number of 11~ events in a given
(E,., cos By, E},4) bin. NjJ, are the number of events without systematic errors. Here
Ng,, Neoso,, and N g, are the number of bins in £, cos 0, and £}, respectively. To

simulate N}, the oscillation parameters as given in Table 7.1 are used as the true
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values. These are benchmark values used in our analysis, and are consistent with
those allowed by the global fit. The effective mass-squared difference is related to

the Am3, and AmZ, mass-squared differences through the expression [134, 135]
Amgff = Amj, — Amj,(cos® B9 — cos A,y sin b3 sin 265 tan fa3) . (7.15)

The following five systematic errors (§;) are included in the analysis using the
method of pulls: (i) Flux normalization error (20%), (ii) cross-section error (10%),
(iii) tilt error (5%), (iv) zenith angle error (5%), and (v) overall systematics (5%).
Here, 7}, is the change in the number of events in the (ijk)" bin caused by varying

the value of 1 th pull variable & by o, [26].

The X2 for it events is also obtained by using an identical procedure. The total
X* is obtained by adding the individual contributions from ;= and u* events. A
prior of 8% (at 10) on sin® 26,3 is added, since this quantity is currently known to
this accuracy. No prior is added on 6,3 or Am3, since these parameters will directly

be measured at the ICAL detector. Thus

XicaL = X2 + Xi + XIQJI‘iOr ; (7.16)
where
.92 .92 2
5 (sin” 26015 — sin” 260,3(true)
or = 7.17
Xprior ( O'(Sinz 2913> ) ( )
and
o(sin® 203) = 0.08 x sin® 260,3(true). (7.18)

In the minimization procedure, x%q,;, is first minimized with respect to the pull
variables ¢, and then marginalized over the ranges of oscillation parameters sin? f,3,
Am?2; and sin® 26,3 as given in Table 7.1, wherever appropriate. We do not marginal-
ize over dcp, Am3, and 6y, since they have negligible effects on the relevant oscilla-

tion probabilities at ICAL [136]. The best-fit values of Am2, and 6;, from the global
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fit references [23, 24, 25] are used, while dcp is taken to be zero.

Table 7.1: Benchmark oscillation parameters used in this analysis. The true values
of the oscillation parameters, are used to simulate the observed data set. The range,
corresponding to the 30 allowed values of the parameter in the global fit [23, 24, 25],
over which the parameter values are varied while minimizing the x? are also listed.
Note that, while performing the analysis for precision measurements in Sec. 7.5,
Am?;; or sin® 63 are not marginalized, and |Am3, (true)| is taken as 2.4 x 1073 eV2.

Parameter True value | Marginalization range
sin” 26013 0.09,0.1,0.11 [0.07, 0.11]
sin® o 0.4,0.5,0.6 [0.36, 0.66]

AmZ; /eV? | £24x107% | [2.1, 2.6] x 107% (NH)
—[2.6, 2.1] x 1073 (IH)

sin 2615 0.84 Not marginalized
Am3, /eV? 7.5 x 1075 Not marginalized
Ay 0° Not marginalized

7.3.4 THE BINNING SCHEME IN (E, — cos 6, — E, ;) SPACE

For an exposure of 500 kt — yr in ICAL, about 6200 events with a ;= and 2800 events
with a u* are expected, after incorporating the reconstruction efficiencies and res-
olutions for muons and hadrons, in the absence of oscillations. With oscillations,
these numbers would decrease further. For the analysis using the information on
the muons only, i.e., in the (£, — cosf,) space, the excellent energy and angular
resolutions of muon in ICAL [9, 19] make it possible to use a fine binning scheme.
For example, the analysis presented in [18], 20 uniform E, bins in the range 1 to
11 GeV and 80 uniform cos #,, bins in the range [—1, +1] were used for each polar-
ity of muon. However, in such a fine scheme, a number of bins are left without a
significant statistics. Including Ej,; as an additional observable for binning would
increase the total number of bins further, which would reduce the statistical strength
of each bin significantly. In order to avoid such a situation, a coarser binning scheme

that is suitable for the three observables F,, cos,, and Ej,, has been used in this
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analysis. This scheme ensures that most of the bins have sufficient number of events,

without affecting the results much.

An optimized binning scheme would depend on the parameters to be measured.
In particular, it could be different for the mass hierarchy identification and precision
measurements of atmospheric neutrino mixing parameters. For this analysis, the
regions in the 3-dimensional parameter space (£, — cos 0, — Ej ;) that are sensitive
to the mass hierarchy has been identified, and finer bins of the three observables in
those regions are used. These regions roughly span in £, = 4 to 7 GeV, cosf, = -1
to -0.4, and £}, = 0 to 4 GeV. In the rest of the observable space, a coarser binning
has been used. The atmospheric neutrino flux follows a steep power law, resulting
in a smaller number of events at higher muon and hadron energies. Therefore, in
general, finer bins at low energies and wider bins at higher energies, for both muons
and hadrons have been considered to ensure sufficient statistics in each bin. This is
also consistent with larger uncertainties in energy measurement at higher energies.
The binning scheme used is given in Table 7.2. For each polarity of muons, 10 bins
for E,, 21 bins for cosf,, and 4 bins for Ej , are used, resulting into a total of (4 x

10 x 21) = 840 bins per polarity.

Table 7.2: The binning scheme for the reconstructed observables £, cos 0, and Ej 4
for each muon polarity.

Observable Range Bin width | Total bins
[1,4] 0.5 6
E, (GeV) 4,7] 1 3 210
7, 11] 4 1
[~1.0,-0.4] 0.05 12 )
cos b, [—0.4,0.0] 0.1 4 21
0.0, 1.0] 0.2 5
[0, 2] 1 2 )
Ei,q (GeV) 2, 4] 2 1 4
4, 15] 11 1
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74 THE NEUTRINO MASS HIERARCHY IDENTIFI-
CATION

In this section, the sensitivity of the ICAL detector in identifying the neutrino mass
hierarchy (MH), as obtained from the analysis with the muons and the hadrons are
presented. The statistical significance to rule out the wrong hierarchy is quantified
by

Axcar—mn = Xicar(false MH) — X% 5 (true MH). (7.19)

Here xi.,;, (true MH) and x3.,; (false MH) are obtained by performing a fit to the
observed data assuming true and false mass hierarchy, respectively. Here, with the
statistical fluctuations suppressed, x4y (true MH) ~ 0. The statistical significance
is also represented in terms of no, where n = |/ x%a;,_um- This represents the me-
dian sensitivity in the frequentist approach of hypothesis testing [137].

The inclusion of the hadron energy information in the analysis enhance the re-
sults significantly. In section 7.4.1, the extent to which the capability of the ICAL is
improved with hadrons has been explored by studying the Ax?, in the individual

bins. The MH sensitivity results are then shown in section 7.4.2.

7.4.1 THE ENHANCEMENT IN THE BIN-BY-BIN x> WITH HADRONS

In Fig. 7.6 the distribution of Ax3 = x% (IH)—x3 (NH) in the reconstructed E,, — cos 6,
plane are shown. The left panels show the results for the analysis that does not use
the hadron energy information. The right panels show the analysis where events are
further divided into four sub-bins of Ej_, and for each E, — cos, bin, the Ax3 has
been summed over the hadron energy bins. Note that, the constant contribution in
x? coming from the term involving the five pull parameters & in Eq. (7.13) has not
been considered. Also, the marginalization over the oscillation parameters in the fit

has not been performed here. The final MH results shown in the coming section, the
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full pull contributions and marginalizations have been taken care of.
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Figure 7.6: (Top) The distribution of Ax? per unit area, in the (E, — cos6,,) plane, (a)
without and (b) with hadron information. (Bottom) Ax3 per unit area, (c) without
and (d) with hadron information. Here, the NH is assumed to be the true hierarchy;,
and 500 kt-yr of ICAL exposure is used. [20]

The upper (lower) panels in Fig. 7.6 present the distribution of Ax? (Ax? ) arising
from ;= (1) events. It can be observed that with the addition of the hadron energy
information, the area in the E, — cos 6, plane that contributes significantly to Ax3
increases, which in turn improves the net Ax%. This increase in x2 is contributed by
not only the information contained in the hadron energy measurement, but also the
correlation between the hadron energy and muon momentum.

Another important fact to be noted is that the increase in the sensitivity is not
simply due to the events with low Ej_;, where the muon energy E, could be ex-
pected to closely match the original neutrino energy F,. This may be illustrated

by Table 7.3, where, the total Ax? contributions from = (™) events for the four
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individual hadron bins are shown.

Table 7.3: The contributions of various E}_,-bins to the net Ax? The events in the
last row without £}, information have true hadron energies up to 100 GeV.

E} .4 (GeV) events | Ax? | Ax*/events
0-1 3995 58 | 0.0014
1-2 1152 1.9 | 0.0017
2-4 742 1.7 | 0.0023
4-15 677 12 | 0.0018
0-15 6566 10.7 | 0.0016
(with E]_, information)
without E|_, information | 6775 6.3 0.0009

As can be seen from Table 7.3, while the Ax? contribution from the lowest Ej_,
bin is more than half the total Ay?, this bin also has a large statistics. Indeed, the
normalized Ax? per event is slightly higher for larger Ej_, bins. This indicates that
the hadron energy information from even the higher E]_, bins would be significant

for identifying the true hierarchy.

7.4.2 THE MASS HIERARCHY SENSITIVITY OF ICAL

The sensitivity of 50 kt ICAL for identifying the neutrino mass hierarchy are shown
in Fig. 7.7 as a function of the run-time of the experiment. It can be seen that after
including the hadron energy information, 10 years of running can rule out the wrong
hierarchy with X}y ~ 9.7 (for true NH), and xica;_yu = 9.1 (for true IH).
Thus, the sensitivity to discard the wrong hierarchy is about 3¢ for either hierarchy.
This figure also shows that for the same run-time the value of x?,;_\y increases
by about 40% when the correlated hadron energy information is added. Note that
for comparison purpose, the same binning scheme in (£, cos §,,) has been used for
both analyses, as shown in Table 7.2. As compared to the finer binning scheme in

the muon-only analysis, as presented in [18], the improvement is about 35%.
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Figure 7.7: The x$car,_ym as a function of the run-time assuming (a) NH and (b) IH as
true hierarchy. The results obtained using hadron energy information is compared
to the results from the analysis that is done without hadron information. Here,
sin? 26,5(true) = 0.1 and sin® a3(true) = 0.5. [20]
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Figure 7.8: The variation of x7-,;_ym for different true values of sin® fy3 assuming
(a) NH and (b) IH as the true hierarchy. The value of sin® 26,3(true) is taken to be
0.1.[20]

Fig. 7.8 and Fig. 7.9 show the variation of the MH identification sensitivity for
three benchmark values of sin® fs3 and sin® 26,5, respectively, in the allowed ranges
of these parameters. The higher values of these two parameters increase the matter
effects in neutrino oscillations and thus, better hierarchy sensitivity is obtained. This
is expected since the leading matter effect terms in the probability expressions of
P,, and P, are proportional to these parameters as shown in Eq. 7.1 and Eq. 7.2.
Depending on the range of the true values of these parameters and the true choice
of MH, the ICAL detector can identify the MH with a x?.;_yy in the range of 7 —

12 for 10 years of running of the 50 kt ICAL.
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Figure 7.9: The variation of x3,;_\y for different true values of sin” 20,3 assuming
(a) NH and (b) IH as the true hierarchy. The value of sin? f3(true) is 0.5. [20]
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Figure 7.10: The variation of X7,y With respect to dcp, assuming (a) NH and (b)
[H as the true hierarchy, for an exposure of 500 kt—year at ICAL. Here, sin” f3(true)
is taken to be 0.5, and sin? 26,5(true) is taken to be 0.1.

Fig. 7.10 show the variation of xi-,;_yy With respect to dcp. It can be seen that,
the projected ICAL atmospheric data is not sensitive to dcp. This may be explained

by the fact that in the full expression of P,,, the icp dependent term is suppressed

i

by a factor of « = Am3, /Am3, [136].

7.5 PRECISION MEASUREMENT OF THE ATMOSPHERIC
PARAMETERS

The precision in the measurements of a parameter A (where A may be either sin” 3
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or |[Am3,|) can be quantified in terms of the following.

AX%CALfPM()Q = X%CALfPM()‘) - X?) ) (7.20)

where 3 is the minimum value of x?.,;_py in its allowed parameter range. Here,
with the statistical fluctuations suppressed, x3 & 0. The significance may be denoted

by no where n = \/Ax3ar,_py- In terms of these quantities, the relative precision

achieved on the parameter A at 1o is given by [138]

A(max) — A(min)

pA) = 4 \(true)

(7.21)

where A(max) and A(min) are the maximum and minimum allowed values of \ at

20 respectively, and A(true) is its true choice.
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Figure 7.11: (a) The Ax?oar_py(5in® 623) and (b) AxZear_pa(|Am3,]), assuming NH
as true hierarchy. The results obtained using hadron energy information is com-
pared to the results from the analysis that is done without hadron information. [20]

In Fig. 7.11a and Fig. 7.11b the sensitivity of ICAL to the two parameters sin® o3
and |Amj3,| are shown separately, where the other parameter has been marginalized
over. The parameter 6,3 and the two possible choices of mass hierarchies have also
been marginalized over. The figures show the results assuming NH to be the true
hierarchy. It has been checked that, the results with true IH are almost identical. It
may be observed from the figures that the inclusion of hadron energy information

would make it possible to measure sin? fy3 to a relative lo precision of 12% and
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|Am3,| to 2.9%, for 10 years of running of the ICAL. The muon-only analysis with
the same binning scheme in £, and cos 6,,), the same relative precisions are obtained
to be 13.7% and 5.4%, respectively. Note that, the muon-only analysis with finer
binning (20 E, bins and 80 cos 6, bins) would yield the relative precisions in sin® 3
and |Am3,] as, 13.5% and 4.2%, respectively,

The precision in sin® 6,3 is governed mainly by the statistics available from the ex-
periment. The addition of the hadron energy information does not change the statis-
tics, and therefore makes only a small difference in the two analyses. However, the
independent measurements of £, and E]_, corresponds to a better estimation of £,,
which appears in the oscillation expression as sin*(Am?L/E,). A better measure-
ment of E, thus leads to a better measurement of Am?, resulting in the significant

improvement in the precision on |Am3,|.
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Figure 7.12: The Ax}-a;_py contours at 68%, 90%, and 99% confidence levels (2 dof)
in (a) sin” a3 — |Am2,| plane and (b) sin® 2653 — |Am3,| plane , after including the
hadron energy information. Here, NH is assumed as the true hierarchy. The true
choices of the parameters have been marked with a dot. [20]

Fig. 7.12a and Fig. 7.12b show the Axiu;_py contours at 68%, 90%, and 99%
confidence levels in the sin® fy3 — | Am2,| plane and in the sin® 2653 — | Am2,| plane, re-
spectively, with the inclusion of the hadron energy information. Here, the true value
of 3 has been taken to be maximal, so the contours in the left panel are almost sym-
metric in sin” fy3. The comparison of the projected 90% C.L. precision reach of ICAL

(500 kt-yr exposure) in the sin® 653 — |Am3,| plane with other experiments is shown in
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Figure 7.13: The comparison of the projected 90% C.L. precision reach of ICAL (500
kt-yr exposure) in the sin® 63 — |Am2,| plane with the results from SK [27], T2K [29]
and MINOS [28] experiments. [20]

Fig.7.13. Using hadron energy information, the ICAL will be able to achieve a preci-
sion in sin? 63 which is comparable to the current precision for Super-Kamiokande
[27] or T2K [29], and the |Am3,| precision comparable to the MINOS reach [28]. Note
that, some of these experiments would have collected much more statistics by the
time ICAL would have an exposure of 500 kt-yr. The ICAL will therefore not be
competing with these experiments for the precision measurements of these mixing
parameters, however the ICAL measurements will serve as complementary infor-
mation for the global fit of world neutrino data. As compared to the atmospheric
neutrino analysis at Super-Kamiokande, the ICAL precision on |Am3,] is far supe-
rior. This is a consequence of the better precision in the reconstruction of the muon
momentum and direction at ICAL.

The 68%, 90%, and 99% C.L. contours in the sin? 53 — | Am2,| plane, for two non-
maximal choices of the mixing angle 6,3 (= 0.37, 0.63) are presented in Fig. 7.14. It can
be seen that the precisions obtained are similar, though the shapes of the contours
are more complicated. For 6,3 in the lower octant, the maximal mixing can be ruled
out with 99% C.L. with 500 kt-yr of ICAL data. However, if 653 is closer to the
maximal mixing value, or in the higher octant, then the ICAL sensitivity to exclude
maximal mixing would be much smaller. These contours also motivate the attempt

to resolve the 0,3 octant degeneracy, which is discussed in the next section.
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Figure 7.14: The Axisa;_py contours at 68%, 90%, and 99% confidence levels (2
dof) in sin® fy3 — |Am3,| plane, for (a) sin® fa3(true) = 0.37 and (b) sin® Oa3(true)= 0.63,
after including the hadron energy information. Here, NH is assumed to be the true
hierarchy. The true choices of the parameters have been marked with a dot. [20]

7.6 OCTANT OF 093

The Earth matter effects in the P,, channel may be used to resolve the octant ambi-
guity of 3 [139]. In analogy with the mass hierarchy discovery sensitivity of ICAL,
the statistical significance of the analysis to rule out the wrong octant is quantified
by

AXToaL_os = Xioap (false octant) — i (true octant). (7.22)

Where 3., (true octant) and xi-,; (false octant) are obtained by performing a fit to
the observed data assuming the true octant and wrong octant, respectively. Here with
the statistical fluctuations suppressed, x¥.,;, (true octant) ~ 0. For each given value
of Oy3(true), 023 has been marginalized over all the allowed values in the opposite
octant, including the maximal mixing value. Axf:4;,_og has also been marginalized
over the true choices of mass hierarchy. The statistical significance for ruling out the
wrong octant is represented in terms of no, where n = |/ Axioa1_os-

Figure 7.15 shows the sensitivity of ICAL to the identification of the 6,3 octant,
with and without including the hadron energy information. This figure indicates
the possibility of a 20 identification of the octant with the 500 kt-yr ICAL data alone

for NH as the true hierarchy and the lower octant to be the true octant. In this case,
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without using the hadron energy information one can get a 20 identification only
when sin? 63 (true) <0.375, which is almost close to the present 30 bound. With
the addition of hadron energy information, this task is possible as long as sin” fa;
(true) <0.395. If the higher octant is the true one, or the true mass hierarchy is
inverted, then the discrimination of 6,3 octant with the ICAL data alone becomes
rather difficult. In case of NH (IH), neutrino (antineutrino) events are mostly af-
fected by the Earth’s matter effect and give crucial information about the octant of
f3. Since the statistical strength of atmospheric neutrino events is higher compared
to antineutrino events, the octant sensitivity is better for NH compared to IH. These
observations are not much sensitive to the true value of 6;5. A variation of sin® 26,3
(true) in the range 0.09 — 0.11 changes the values of Ax?;_og quite marginally.
Clearly, the octant discrimination becomes more and more difficult as the true value
of sin’® 63 moves close to the maximal mixing. Combining of the atmospheric and
long-baseline experiments is, however, an effective approach, in which the ICAL

contribution would also be significant [140, 141, 142].

I 3 9 E 3
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Figure 7.15: The Axi.,;_og for octant discovery potential as a function of true 3
for (a) NH and (b) IH as true hierarchy, for the ICAL exposure of 500 kt-yr. The
results obtained using hadron energy information is compared to the results from
the analysis that is done without hadron information. [20]



156 CHAPTER 7. ENHANCING THE ICAL PHYSICS REACH WITH HADRONS

7.7 REMARKS

In this chapter we have discussed the methodology and results of a statistical anal-
ysis which is used to assess the ICAL physics potentials with the inclusion of the
hadron energy. Though ICAL is primarily optimized for muon detection, its ca-
pability of detecting hadrons and estimations their energy has been an additional
advantage. The enhancement is not only due to the hadron energy, but also due to
the correlation between the hadron energy and the muon momentum in an event.
The analysis presented in this chapter uses hadron energy, muon energy and muon

direction as separate observables in each event.

Significant improvements have been observed in the ICAL sensitivities, using
this analysis. After including the E,, information, 10 years of running can rule
out the wrong hierarchy with Ax*ca;_uy ~ 9.5 (for true NH), and Ax%can_yvn &
8.7 (for true IH), which mark an improvement of about 40% over the muon-only
analysis. It is observed that with the inclusion of E; , information, 500 kt-yr of
ICAL exposure would be able to measure sin® 63 to a relative 1o precision of 12%
and |Am2,| to 2.9%. However, that the potential of distinguishing the 6,3 octant with
the ICAL data alone is rather weak. A 20 identification of the octant is possible with
the 500 kt—yr ICAL data alone only when, the true hierarchy is NH and the true

octant is LO (sin? fy3(true) < 0.395).

Note that, due to the present status of understanding of the ICAL detector re-
sponse as obtained from the simulations, certain assumptions had to be made in the
course of this analysis. For example, it was assumed that the muon track and the
hadron shower can be separated neatly in all events. The background hits and noise
are neglected, and are assumed that they do not affect the hadron response of the
detector. This analysis procedure is expected to be the preferred one for the ICAL
physics reach. It is therefore crucial to look into the effects due to various assump-

tions. Also, improvement in the reconstruction of the observables would provide
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further enhancement in this study. Various attempts on improving the reconstruc-
tion algorithms are being taken up.

The muon track reconstruction depends on the time information of the hits, to
reconstruct the vertex. This also affects the hadron shower reconstruction, where
the vertex information is used. One possible way of improving the time informa-
tion is to use a detector with a better time resolution. In order to probe this as well
as other applications, the Multigap RPC (MRPC) detectors [30, 31] have been devel-
oped. These detectors, due to the presence of a number of sub—gaps, are much faster
than the RPC detectors. In Chapter 8, the development and performance of six—gap

MRPC detectors, which achieve a time resolution of about 60 ps, will be discussed.






Chapter 8

DEVELOPMENT AND
CHARACTERIZATION OF MRPC
DETECTORS

The RPC detectors, which have a single gap for gas flow, have been chosen as
the active detector elements for the magnetized Iron CALorimeter (ICAL) detector,
due to their high efficiency, position and timing characteristics besides their long-
term suitability for large detector coverage [6, 7]. The typical time resolution of the
RPC detectors, to be used in ICAL, is in the range 1 — 1.5 ns [120]. The muon track
reconstruction uses the time information of the hits to determine the direction of
the track, which is discussed in section 3.2 [9]. The time information of the hadron
shower hits can also be used to determine their average direction (see Chapter 5).
A detector with a better timing information would, therefore, improve the direction
reconstruction of both muons and hadrons. A possible option may be the Multigap
Resistive Plate Chamber (MRPC) detectors, which are the upgrades of the RPCs,
with the introduction of multiple sub—gaps [30, 31]. The presence of multiple gas

sub—gaps enable the detector to induce faster signals on the outer electrodes, thus

This chapter is based on [34], which has been submitted.
159
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improving the detector’s time resolution. Due to the excellent performance and
relatively low cost, the MRPC detectors have found potential application in various
Time-of-Flight (TOF) systems [143, 145, 144, 146].

The work described in this chapter involves the development and performance
of single cell six-gap Glass MRPC detectors with each sub—gap being about 250 pm.
These detectors have been developed to find application in the future upgradation
of the ICAL detector, as well as TOF detector and other experiments. This chapter
starts with an introduction to the MRPC detectors and their working principle. The
fabrication procedure and the optimized design of the MRPCs, the experimental set—
up including the trigger and data acquisition system and the MRPC characterization

follow in the subsequent sections.

8.1 MRPC DETECTORS AND THEIR WORKING

PRINCIPLE

The Multigap Resistive Plate Chambers (MRPCs) are gas ionization detectors with
multiple gas sub—gaps made of highly resistive electrodes (glass in this case) hav-
ing bulk resistivity of 10'° — 10'* Q c¢m, spaced from one another using spacers of
equal thickness. These detectors were conceptualized and first developed in 1996
[30, 31]. The high voltage (HV) is applied on the outer surfaces of outermost re-
sistive plates to create a uniform and intense electric field across them, while the
interior plates are left electrically floating. The external surface of the two outer-
most resistive plates are coated with a thin layer of graphite, in order to apply the
high voltage uniformly. All the electrodes are kept apart by some spacers having a
bulk resistivity greater than 10'* Q cm. The narrower sub—gaps enhance their time
resolution capability. Results from groups involved in the study of various MRPC
configurations show that a time resolution of less than 100 ps can easily be obtained.

MRPCs have been chosen as optimal elements for many Time—-Of-Flight (TOF) de-



8.1. MRPC DETECTORS AND THEIR WORKING PRINCIPLE 161

tector systems (including ALICE and STAR) due to their excellent time resolution
and higher efficiency for particle detection. [143, 145, 144, 146]

The working principle, including the avalanche formation of an MRPC are sim-
ilar to that of a single gap RPC, apart from the fact that, the additional sub-gaps
make the signal collection faster. The internal plates would also allow the detector
to withstand a higher operating voltage. The illustration of an ideal MRPC is shown
in Fig. 8.1, where all the gas gaps are assumed to be of uniform width. The internal
plates are electrically floating, and are maintained at equal voltages due to the flow
of positive ions and electrons between them. The voltage across each sub—gap is the
same. So, on an average, each sub—gap will produce the same number of avalanches
when a flux of charged particles passes through it. This means the flow of electrons
and ions into the plates bounding a gas gap will be identical for all the gaps, and the
net charge to any of the internal plates would be zero. Avalanche in any of the sub-
gaps induce the signals on the electrodes and it will travel very fast to the outermost
electrodes, as the inner plates are transparent to the fast signals. The fast signals in
case of MRPC are produced by the flow of electrons towards the anode. The resul-
tant signal is the summation from all the gas gaps and it enhances the amplitude of
the pulse. The surface resistivity of the conductive graphite coating is high enough
so that the electrodes act as dielectrics, i.e., they are transparent to the fast signal
generated by the avalanches inside each gas gap. The copper pickup strips placed
outside the cathode and anode electrodes collect the signal, with a reduced time
jitter, through induction.

A typical gas mixture, consisting largely of an electronegative gas and small frac-
tions of the quenchers of UV photons and electrons, similar to those used for single
gap RPC operation, may be used. Though the internal plates helps in quenching
the streamers to avoid a spark breakdown, at higher operating voltages they are
not sufficient, which leads to the use of the electron quencher gas in slightly higher

fraction.
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Figure 8.1: The illustration of an MRPC.

The intermediate plates also act as the physical barriers for the avalanche grow-
ing too big, and hence a higher electric field can be applied to the detector operated
in the avalanche mode, compared to that of a single gap structure. This is advanta-
geous in terms of the time resolution and rate capability of the device. The strong
uniform electric field stimulates the avalanche process immediately after the pri-
mary ionization is created by a charged particle, leading to a very good time resolu-

tion.

The MRPCs may consist of a single stack with two external electrodes, or two
stacks packed together with three external electrodes, the anode being common for
both the stacks. Single cell (stack) configuration has a pair of external electrodes. As
the number of floating electrodes increases, higher and higher operating voltage is
needed to operate it. Double cell (stack) is basically two single cell MRPCs clamped

together (usually the anodes). Bifurcating the floating electrodes in the two cells



8.2. DESIGN AND FABRICATION OF A 6-GAP MRPC 163

helps in reducing the operating voltage at each of the electrodes.

8.2 DESIGN AND FABRICATION OF A 6-GAP MRPC

In this section the design and fabrication of six-gap glass MRPC detectors, with the
single stack configuration, is discussed. We started with the fabrication of a six-gap
MRPC with a small dimension (75 mm x65 mmx7.67 mm), and later optimized the
design to a larger dimension. The trial configurations, various problems encoun-

tered and the final optimized design are described in the following.

8.2.1 THE TRIAL CONFIGURATIONS

The first MRPC with six sub—gaps was of a dimension 70 mm x60 mm x7.67 mm.
all the glass plates, including the two external ones were of the same thickness, i.e.,
0.410 mm, and of the same area, i.e., 70 mm x60 mm, as shown in Fig. 8.2a. Two
sided non—conducting adhesive tapes of thickness 0.267 mm, cut in circular shapes
of diameter 4 mm were used as spacers. Honeycomb panel with copper strips of
width 1.4 cm were used to construct the pick up panel (five strips on each side). The
whole set-up was sealed in an enclosure box of dimension 200 mm x200 mm x60
mm and gas was flown through it. The same gas mixture as mentioned in section 2.2,
which is used in RPC detectors, was used. The gas flow rate was approximately 2.81
SCCM (i.e., Standard Cubic Centimeter per Minute) which corresponds to about 2
cycles a day.

However, this configuration gave rise to certain problems. The MRPC HV was
slowly ramped up to 13 kV, where the chamber current was 25 nA. During this
process, the MRPC broke down a few times, and a few sparks damaged the edges of
a few inner plates, as shown in Fig. 8.2b. This problem appeared mainly due to the
thin external electrodes which were unable to withstand such a high voltage. Also
the edges of the interior plates were on the same line of the conductive coat on the

two external electrodes. In order to solve this problem, the outer pair of conductive



164CHAPTER 8. DEVELOPMENT AND CHARACTERIZATION OF MRPC DETECTORS

(a) (b)

Figure 8.2: (a) The first six-gap configuration, which consisted of seven identical
glass plates of thickness 0.410 mm. (b) The damage to the plates due to sparking.

electrode plates were replaced by plates of thickness 2 mm and slightly larger area
(75 mm x65 mm). The graphite coating was confined to an area 58 mm x58 mm so
that it remained well within the area of the interior plates. Fig. 8.3 shows various
steps of the MRPC configuration. The new structure solved the issue of sparking.

The set-up was then tested with a trigger of two scintillator paddles in 2—-fold
coincidence, as shown in Fig. 8.4. A high voltage of 15 kV was applied across the
two external glass plates of the MRPC. This detector, however, could detect only
about 25% of the triggered events.

The next MRPC constructed was of a bigger dimension, 270 mm x270 mm x7.58
mm. The configuration, except the detector dimension, was similar to the previ-
ous MRPC. This detector was also enclosed in a chamber through which the gas
mixture was flown. This detector too, was tested with a trigger formed by scintil-
lator paddles in 2—fold coincidence, as shown in Fig. 8.5. A raw pulse, without any
amplification, as detected in the detector is shown in Fig. 8.6

The strip efficiency is defined to be the ratio of the events detected by the MRPCs
to the total triggered events. The strip efficiencies of the two MRPCs, as functions
of the applied high voltage, are compared in Fig. 8.7. It can be seen that the larger
MRPC attained an efficiency of about 80% at 15.9 kV.
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Figure 8.3: (a) The MRPC configuration to avoid sparking. The external plates are
2 mm thick, and larger than the internal plates. (b) The graphite coating on the
exterior sides of the outer electrodes. (c) The honeycomb pickup panel. (d) The
MRPC sealed in the enclosure.

As has been mentioned earlier, these two MRPCs were put in sealed enclosures
through which the gas mixture was passed. This enclosed configuration made the
alignment of the trigger consisting of the scintillator paddles difficult. Also, since the
narrow sub—gaps would offer high resistances to the gas flow, compared to the rest
of the enclosure, a complete uniform gas flow through all the gaps is not ensured.
These difficulties have been taken care of in the fabrication of the next MRPCs. The
optimized design of the six-gap MRPCs have been discussed in the following sub-

section.
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Figure 8.4: The set—up with the smaller MRPC. The trigger is a 2—fold coincidence
with two scintillator paddles.

SCINTILLATOR
FPADDLES (W/IDTH
2cm) AS 2 FOLD
TRIGGER

Figure 8.5: The set—up with the bigger MRPC. The trigger is a 2-fold coincidence
with two scintillator paddles.

8.2.2 THE OPTIMIZED CONFIGURATION

The design of six-gap glass MRPCs with single cell structure of dimensions 305
mm X305 mm x7.5 mm has been optimized. A schematic of the configuration with
dimensions of various components is shown in Fig 8.8. Note that the area of the
internal glass plates are of dimension 256 mm %256 mm x0.410 mm.

Glasses of 2 mm thickness coated with a conductive layer using NEROLAC paint
were used for the outer electrodes. The surface resistance of the conductive coat was
in the range (0.5 — 1) MQ /0. Two sided non conducting adhesive tapes were stuck

to both sides of a mylar sheet to make small circular spacers of diameter 4 mm and
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Figure 8.6: A raw pulse collected at both the anode and the cathode of the detector
at an operating voltage of 15.5 kV. The trigger signal is also shown for reference.
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Figure 8.7: The strip efficiencies of the two MRPCs, as functions of the applied high
voltage.

thickness 250 um. Each gas gap were maintained by 25 such spacers. The place-
ment of the spacers are shown in Fig. 8.9 (left panel). A few trials were first made by
placing this configuration in an enclosed box filled with the gas mixture. Such an en-
closed structure had some drawbacks like difficulty in alignment and the problem in
ensuring sufficient and uniform gas flow through the sub—gaps. The configuration
was optimized with sealing the gas gaps by gluing side spacers between the outer-
most electrodes. As can be seen from Fig. 8.8 and Fig. 8.9, there is a gap of about 2.7
cm from the edges of the external electrodes to the edges of the internal electrodes.
There is a possibility of gas following that path instead of flowing through the sub-

gaps which would offer high resistances. In order to ensure a proper flow through
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Figure 8.8: The schematic (with dimensions) of the optimized six-gap MRPCs.

the sub—gaps, we introduced some blockers at appropriate places (one each near the
gas inlets and two each near the gas outlets). This is illustrated in Fig. 8.10. The
pickup panel consists of honeycomb panels laminated with copper strips of width
2.8 cm. The pickup strips on both the sides of an MRPC were placed parallel to each

other.
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Figure 8.9: The placement of the spacers. There are 25 spacers in each sub—gap in a
5 x b array, the gap between any two consecutive spacers being 6.4 cm.

SIDE SPACER

PLACEMENT OF 7
BLOCKERS BLOCKERS

GAS NOZZLE

Figure 8.10: The placement of the blockers and side spacer. As shown in the left
panel, two blockers are placed near each gas inlet while one blocker each are placed
near each gas outlet, to ensure a proper gas flow through the sub gaps. The right
panel shows a side spacer, fitted with a gas nozzle. A segment of a side spacer with
a blocker attached is also shown.
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8.3 THE EXPERIMENTAL SET-UP

The experimental set—up to test three MRPCs with the optimized design is described
here. A cosmic muon telescope consisting of three scintillator paddles has been set
up. The details of the telescope, the preamplifier and the data acquisition system are

as in the following subsections.

8.3.1 THE COSMIC MUON TELESCOPE

The MRPCs are operated in avalanche mode and are characterized using cosmic
muons. Three scintillator paddles of width 2 cm each (two on the top of the MRPCs
under test and one at the bottom) were set up in a geometry to construct a cosmic
ray muon telescope as illustrated in Fig. 8.11. Time coincidence of signals from these
paddles indicates passage of a cosmic ray muon particle through the detector set-
up. This coincidence signal has been used to trigger the data acquisition system. The

set—up including three MRPCs and three scintillator paddles is shown in Fig. 8.12.

8.3.2 NINO ASIC

For amplification and digitization, NINO ASIC, an ultra fast front end preamplifier-
discriminator chip which was developed for the ALICE TOF experiment, was used
[33]. Each chip has 8 amplifier and discriminator channels. Each channel is designed
with an amplifier with < 1 ns peaking time, a discriminator with a minimum detec-
tion threshold of 10 fC, and an output stage. As shown in Fig. 8.13, each channel in
the NINO ASIC chip takes differential signals from the pickup strips as input, and
amplifies them in a four—stage cascade amplifier.

With a 50 2 termination across the pickup strips of the MRPCs, no signal was
obtained using the NINO ASIC. Without a termination across the strips, the signals
could be recorded, and for the rest of the study the strips were kept in open condition.

The threshold to the discriminator stage of the chip was optimized to 157mV after
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Figure 8.11: The scheme for the cosmic ray muon telescope. P1, P2 and P3 are scin-
tillator paddles of width 2 cm each, and they are aligned on a pick-up strip of width
2.8 cm. The effective area of this telescope is 25 cm x2 cm.

studying counting rates of the detector at various values as summarized in Table 8.1.

Table 8.1: Counting rates of an MRPC strip at different NINO thresholds.

NINO thr. (mV) | Counting rate (kHz) | NINO thr. (mV) | Counting rate (kHz)
310.4 7.2 157 60
220.1 8 151 100
190.2 12 149 200
181.8 14 115.3 300

8.3.3 THE DATA ACQUISITION SYSTEM

A CAMAC based data acquisition (DAQ) system has been assembled for the MRPC

detector test set-up. MRPC pickup strips are amplified and digitized by NINO ASIC

and then taken with the time coincidence of the trigger. The differential (LVDS)
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Figure 8.12: The experimental set—up.
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Figure 8.13: The schematic of the NINO ASIC [33].

signals obtained from NINO outout are converted to ECL and then according to
the requirement of the scalar and TDC used directly or further converted to NIM
signals. The counting rate of the individual strips are recorded with a ECL scalar.
The trigger (T') is formed by putting the signals from the three scintillator paddles
P1, P2 and P3 in coincidence mode. The efficiency of the MRPC strips are then

obtained from the coincidence of the trigger and the strip count:

MRPC strip count

Strip efficiency = T

(8.1)

The trigger is also given as the start signal to the TDC module to get the time count,

where the stop signal comes from the MRPC strips. The DAQ scheme to obtain the
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counting rate, efficiency and timing has been shown in Fig. 8.14.
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Figure 8.14: The DAQ scheme to obtain the strip counting rate, efficiency and time
count.

8.4 THE MRPC PERFORMANCE

The characteristics of the MRPC detectors, obtained by adjusting various parame-
ters like the gas mixture composition, HV etc., have been discussed here. The I-V
characteristics, strip count rate, efficiency and the time resolution are discussed in

the following.

8.4.1 MRPC CHARACTERIZATION AS A FUNCTION OF HV

AND GAS MIXTURE

The gas mixture is composed of R134A, C;H;( and SFs. Studies showed that the
MRPCs would be operated with around 5% of SFg [32, 148], unlike the standard
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Figure 8.15: The characteristics of an MRPC strip as functions of the high voltage
applied across the gas gap at different concentrations of the gas mixture of R134A,
C4H10 and SF6

composition with very less amount of SFs (= 0.3%) [7] that is used to operate single
gap RPCs. With increasing SF; fraction, two competing processes affect the MRPC
characteristics. Higher electric fields would be required with increasing fractions of
SFs, which would also increase the drift velocity and as a result improve the time
resolution. On the contrary, since SFs has large capture cross—sections for low energy
electrons, increasing the SFs concentration would reduce the avalanche significantly.
This would degrade the MRPC counting rate, efficiency, time resolution etc. So, it is

required to optimize the gas mixture for these two contradictory effects.

A study with various concentrations of SFs at different applied high voltages

has also been performed to obtain an optimized set. For this, the proportion of
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C4H,o was kept fixed at 5%, and the other two were varied. Figure 8.15 shows the
efficiency, counting rate per area of the pick-up strip, the chamber current and the
time resolution of an MRPC strip. The operating HV was varied between (15 - 17.9)
kV. We see that at ~ 4% of SF;, the time resolution is best and the noise rate and
chamber current are reasonable without deteriorating the efficiency. So for further
study, we have used the gas mixture of R134A (91%), C4H;( (5%) and SFs (4%). We
see that even at 17.9 kV the chamber current and counting rate do not shoot up too
much. In Fig. 8.15, the time resolution after correcting from the time jitter has been
shown. This correction is done via a calibration of the time count with the total

charge deposited in an event. This has been described in the following.

8.4.2 TIME RESOLUTION

The introduction of smaller gas sub—gaps would result in an enhanced time resolu-
tion in MRPCs. For an accurate measurement of the timing, it is important to reduce
any fluctuations which may occur during the generation of the timing logic signal.
A major source of such fluctuations is the walk effect. This effect is caused by the
variation in the signal amplitudes and/or rise time. The signals with different am-
plitudes would cross the discriminator threshold at different times, resulting in a
time shift (walk) in the logic signal. An additional walk effect arises due to the finite
amount of charge that is required to be integrated on a capacitor to trigger the dis-
criminator. We reduce the time walk by calibrating the time counts with the charge
deposited. Fig. 8.16 shows a typical raw time distribution (before correcting for the
time walk). Here the trigger is provided by the scintillator paddles in coincidence, as
have been described in section 8.3.1, and this has been used as the start to the TDC.
We have corrected the time distributions for the time walk according to the charge
of the signal. Note that, the charge is obtained from the analog output signal from
the MRPC strips. Since NINO ASIC provides LVDS output only, for this study it has
been replaced with ANUSPARSH, the ASIC designed for the ICAL experiment.
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A scatter plot of time vs charge is shown in Fig. 8.17. This is fitted to a function
exp[—ao/x + a1] + az. The time of each event is then corrected according to the
charge information by employing a calibration through the fit parameters. Fig. 8.18
shows the comparison of raw and corrected time distributions at 17.9 kV and with

the optimized gas mixture.
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Figure 8.16: The raw MRPC time distribution with respect to the trigger at 17.9 kV
and with the gas mixture R134A (91%), C4Hio (5%) and SFs (4%).
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Figure 8.17: The calibration graph for correcting of the MRPC time distribution for
time-walk, fitted to exp[—ao/x + a1] + as.

As shown in Fig. 8.18, at 17.9 kV, the time resolution is ~ 60 ps, which also in-
cludes 15 — 25 ps of jitter due to electronic channels. This jitter has been estimated

by replacing the MRPC strip signals with a pulser and observing the obtained time



8.4. THE MRPC PERFORMANCE 177

10*
----TDC (raw)

— TDC (corrected)

Frequency
[ sk
< <
T
w

[
=

PRI ! PR S SRR N L ! ! | ! !
300 400 500 600
TDC value (LSB= 25ps)

Figure 8.18: The MRPC time distribution with respect to the trigger at 17.9 kV and
with the gas mixture R134A (91%), C,Ho (5%) and SFg (4%). The black line shows
the raw distribution, while the red one shows the distribution after applying the
time walk correction.

count.

8.4.3 STUDY USING Cs-137 SOURCE

Earlier a cosmic muon telescope was employed to study the characteristics of the
MRPC. Since the cosmic muon flux is scattered over ¢ and ¢, so the paddles and
the MRPC strip are hit from muons in a wide cone, and also at various points of
the strip, which may deteriorate the time resolution, in particular. To verify that, a
Cs-137 source of strength 3 x 10° dps has also been used. In Fig. 8.19 the efficiency

and time resolution as functions of the high voltage are shown.

8.4.4 MRPC AS A PART OF TRIGGER

One of the potential timing applications of MRPC is then probed by adding it to
the external trigger system for a single-gap RPC. In Fig. 8.20 the three different set—
ups are shown. The various characteristics of the single-gap RPC from these three
trigger set—ups are listed in Table 8.2. It can be seen that the introduction of the

MRPC in the trigger system helps in improving the time resolution.
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Figure 8.19: The efficiency and time resolution of the MRPC with a Cs-137 source,as
functions of high voltage.
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Figure 8.20: The three set—ups under study. Set—up I consists only the scintillator
paddles P1 and P2 in coincidence to form the trigger. The other two set-ups use an
MRPC in addition to the paddles.

Table 8.2: The MRPC characteristics for different trigger set—up.

Set—up | Trigger Eff.(%) | Timeres.(ns) | Noise(2%) | I(nA)
I P1,P2 85 1.42 1.5 305
IT P1,P2, MRPC | 85.9 0.87 2.85 312
I11 P1, P2, MRPC | 87.8 0.85 1.87 311
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8.5 REMARKS

This chapter describes the design of the MRPCs with six sub—-gaps and the opti-
mization of the single stacked configuration. The detectors are characterized with a
cosmic telescope set—up and their characteristics have been studied. The parameters
like the applied voltage, the gas mixture are also been optimized. The detectors are
now being operated in a stable condition, with the strip efficiency being about 95%
and the time resolution being 60 — 100 ps, and the stack is ready for the further study
to assess its potential for various applications. It has already shown promising re-
sult when used as the part of a trigger set-up. Now, the stack is being planned to
be used for a TOF measurement study which, however, is beyond the scope of this

thesis.






Chapter 9

SUMMARY AND FUTURE SCOPE

The work on the simulation of the hadron response of the ICAL detector and their
contribution to the enhancement in the ICAL sensitivity to the neutrino oscillation
study, and the development of the multigap RPC detectors which may be probed to
further enhance the reconstruction of the muon and the hadrons in the ICAL; which
have been discussed in the preeceding chapters, have been summarized here. The

future scopes to improve this work have also been highlighted.
9.1 SUMMARY

The INO collaboration plans to study the neutrino oscillations in the atmospheric
sector, with a 50 kt magnetized ICAL detector. The R&D program for the ICAL
is now running at a full pace. This detector is primarily designed to measure the
muon momentum. The magnetic field would also allow us to distinguish between
the muon and the antimuon, and hence between the incident neutrino and the an-
tineutrino.

The main aim of the detector is to identify the true mass hierarchy, through the
study of the Earth matter effects experienced by the neutrinos and the antineutrinos,
separately. Apart from that, ICAL would also contribute in the precise measurement
of the atmospheric neutrino parameters |[Am2,|, 623 and its octant. The ICAL would

also look for the hint of any new physics. Apart from the muons, ICAL is also ca-
181
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pable of detecting the hadron shower and measure its momentum. The information

on the hadrons provides an additional boost to the physics potential of ICAL.

A simulation study has been performed to quantify the detector response to the
muons and hadrons produced in the atmospheric muon neutrino interactions. The
muon leaves a long track in the detector, and its momentum and direction is ob-
tained through a track reconstruction algorithm based on the Kalman Filter tech-
niques. However, the hadrons produce a shower of hits within a close proximity of
the interaction vertex. The hadron energy, parametrized in terms of £, ., = F, — E,,
is estimated from the hadron hit multiplicity which follows the Vavilov PDF. A cal-
ibration of F,, for the number of hadron hits in an event has also been obtained.
The hadron energy resolution of ICAL is in the range (80% — 35%) for E,, between
1 — 15 GeV. The calibration of the hadron energy from the hadron hits, in terms of
the Vavilov fit parameters, may further be used to reconstruct the hadron energy for

the ICAL physics potential analysis.

The shower shape and spread, in terms of the position vectors of the hits, are
further used to reconstruct the average direction of the hadron shower, either by
obtaining the direction of the centroid of the shower, or by forming an orientation
matrix to take care of the higher order moments. This information enables to study
the hadron energy response as a function of the shower direction, which shows
marginal direction dependence. The shower spread is also used to discriminate

between the DIS and RS events.

The energy and direction of the incident neutrino in CC interaction events,
are then reconstructed using the reconstructed information of the muon and the
hadrons, via the conservation of the four momentum. The neutrino energy response
of the ICAL is in the range 20% — 25%, while the zenith angle resolution is 7° — 15°.

On the other hand, the hadron shower is the only hint of an NC interaction event.

The reach of ICAL is then studied using the correlated information on the muons

and the hadrons. A statistical x? analysis procedure, with the events divided in bins
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of the muon energy, the muon zenith angle and the hadron energy, is performed,
and it is found that the inclusion of the hadron information enhances the ICAL
physics potentials by significant amounts. It is found that the ICAL, with 500 kt
—yr exposure, would be able to determine the neutrino mass hierarchy with a sig-
nificance of Axioar_un = 9, which implies about 40% enhancement over the muon-
only analysis. The atmospheric neutrino mixing parameters can also be measured
more precisely by the inclusion of hadron energy information. It has been found
that, 10 years of running of the ICAL would be able to constrain sin? fo5 to a relative
1o precision of 12% and |Am3,| to 2.9%.

The time information from the RPC detectors in the ICAL, with respect to the
trigger, would be used to determine the direction of the muon track. It would also
be used in an approach to measure the average hadron shower direction. The RPC
time resolution is about 1 — 1.5 ns, and an improvement in the time information
would make it possible to boost the direction reconstruction of the muons and the
hadrons in ICAL. As a part of the extended R&D in ICAL, MRPC detectors, which
are much faster as compared to the RPCs, are fabricated and their performance are
studied in order to probe their potential in the upgrades of ICAL as well as other
applications such as, TOF experiment.

A stack of MRPC detectors, with six sub gaps in each of them, has been devel-
oped. The design and construction of these detectors have been optimized after
several trials, and they are characterized as a function of various input parameters,
e.g., the operating voltage and the gas mixture. The gas mixture has also been op-
timized to obtain improved efficiency and the time resolution. a time resolution of
about 60 ps has been obtained. As a first attempt to probe their potential, the MRPCs
have been used in the external trigger system for the characterization of single-gap
RPCs. The stack, comprising of three MRPC detectors, is now being operated under

stable condition for a substantial time and is ready for further probes.



184 CHAPTER 9. SUMMARY AND FUTURE SCOPE

The work documented in this thesis, has thus facilitated the enhancement of the
ICAL potential in attaining its goals. The study of the hadron response of ICAL has
been quite effective, as the inclusion of this information has significantly improved
the sensitivity of the detector in determining the neutrino mass hierarchy and the
atmospheric mixing parameters. The successful development of the MRPC detec-
tors, and their satisfactory performance provides lead to the scope of studying their
applications in the future upgradation in the ICAL as well as other experiments that

would require faster detectors.

9.2 FUTURE SCOPE

The ability of ICAL in reconstructing the hadron energy and direction has provided
plentiful opportunity to extract and use the information to improve on the detector’s
potential. The work described in this thesis assumes that, the muon and hadron hits
in the ICAL are separable with a cent percent efficiency. However, the separation
of the muon track and the hadron shower hits would be crucial to use the real data,
once ICAL becomes operational. Thus a simulation study to develop an efficient
track-shower separation algorithm is important.

The hadron energy response has been obtained using the number of hits in each
shower. An attractive alternative approach would be to use the shower shape and
spread to reconstruct the energy. A quantity parameterizing the shower shape may
be picked to calculate the energy response. A possible improvement in the energy
response would provide better sensitivity of the physics study with ICAL. Also, the
neutrino response of the ICAL is coarse, and can be improved by stricter cuts, and
with possible improvement in the measurements of the muon momentum and the
hadron momentum.

The statistical approach, that has been used to study the ICAL physics reach, uses
the CC interaction events only. Since partial information on the NC events, in terms

of the hadron shower, are also available, this approach may be extended for the NC
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events. A possible way to use the NC events would be a one dimensional binning
of the events with the observable £} ;. The hadron direction resolution may also
be included in the further study of both the CC and NC events. Another promising
work is to modify the oscillation analysis algorithm to study the ICAL potential to
detect the sterile neutrinos.

The MRPC detectors show good stability, good detection efficiency and time res-
olution, and they are now ready to be tested for possible applications as trigger

detector, and in TOF experiments.
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