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Preface

Experimental Neutrino Physics is an active area of research in high en-
ergy physics. The investigation of the properties of this elusive particles
has started since it’s discovery itself. In the standard model of particle
physics, neutrinos are massless, the discovery of neutrino oscillation is the
first evidence that demands the extensions of standard model. It is well
established the existence of three active neutrinos, v.,v, and v;, but re-
cent experiments like LSND and MiniBooNE has found some anomalies
in their data. These experimental data could not be explained using three
flavour neutrino oscillation physics, but they could explain the anomaly
by adding a fourth type neutrino called sterile neutrinos. The evidences
obtained from these experiments are not yet conclusive. Search for sterile
neutrino is an extensive research area in the field of neutrino physics. The
main work presented in this thesis is a sterile neutrino search at MINOS
(Main Injector Neutrino Oscillation Search) experiment at Fermilab, USA.

MINOS is a two detector experiment at Fermilab, which studies the
neutrinos produced at Fermilab Main Injector particle accelerator. MI-
NOS Near Detector is situated at 1 km away from the source and the Far
Detector is at Soudan Mine at Minnesota, 735 km away from the neutrino
source. The experiment is built to study neutrino oscillation phenomena
in the atmospheric sector and has made world class measurements on neu-
trino oscillation parameters. The MINOS experiment is also capable of
looking for small perturbation in the energy spectra caused by any fourth
type of neutrino and can extract the oscillation parameters.

Chapter 1 briefly explains the history of neutrino physics, which in-
cludes Pauli’s proposal, discovery of neutrinos and physics of weak inter-
action. It also describes the discovery of three active neutrinos and phe-
nomena of neutrino oscillation, which is the physics behind the solar and
atmospheric neutrino problem. This chapter also contains the mathemati-
cal formulation for both two and three flavour neutrino oscillations. It then
describes the different oscillation experiment which confirmed the neutrino
oscillation phenomena in solar, atmospheric and reactor sector and also
briefly explains the aim of many future neutrino experiment around the
globe.

Chapter 2 describes the motivation for this thesis, which includes
different experimental anomalies, which could be explained by adding a
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forth type neutrino. The evidences includes the results from LSND, MiNi-
BooNE, Gallium anomaly and reactor anomaly etc. The previous analysis
on sterile neutrinos and strategy used in MINOS is also briefly explained.

Chapter 3 contains the details of the MINOS experiment and includes
the latest results from the experiment. It also discusses the neutrino beam
production, the detector technology and the details of the MINOS data
taking, how MINOS take data in neutrino mode and antineutrino mode.
The purpose of a two-detector experiment and identifying the different
types of events are also briefly described. This chapter also mentions about
the MINOS+ experiment, which is a extension of MINOS experiment
using higher energy neutrino beam.

Chapter 4 describes the algorithms used for the reconstruction and
how we identify and categorise different events. Reconstruction is done
in various steps, which is also detailed here. The information about our
Monte Carlo simulation chain which is used for the experiment are also
included. A brief description of MINOS detector calibration (a multi-stage
calibration procedure) is also explained in this chapter.

Chapter 5 includes the absolute energy calibration procedure which
is the final stage of our detector calibration procedure. The only way to
know the detector response over time for a known energy of particle at
underground is to exploits the cosmic muons. The technique of how we
use the cosmic muons as standard candle for the absolute calibration is
explained in this chapter. It also describes the correction applied to this
cosmic muons due to their angle dependence at the detector. The response
is calculated for both detectors. The chapter also mentions difference
in response of muon and anti-muon (charge dependence). The various
systematics associated with this study are also investigated. The study of
the detector response as a function of the intensity (number of neutrinos)
for the beam muons is also described here.

Chapter 6 explains in detail about how we looked for sterile neutrinos
at MINOS in the disappearance channel P(7, — 7,) in an antineutrino
enhanced beam that MINOS collected between 2009-2011. The analy-
sis includes only the charged current events. The charged current event
selection for this analysis is detailed. The data corresponds to a Proton
-on-Target (POT) of 3.36 x 10° POT. Oscillations to sterile neutrinos can
happen due to large range of Am?. Hence depending on the baseline neu-
trino oscillation can happen at both detector. The analysis is done using
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Far/Near (F/N) fit and look for the perturbation from the standard three
flavour oscillation. As we are looking for the small effect, the systematics
must be taken so carefully and should be added in the fit. The chapter
also describes the various source of systematics and how we included in
this analysis. We use covariance matrix technique to add bib-to-bin cor-
related systematics in the analysis. We have put a limit on the sterile
neutrino mixing parameter o4 over a large range of Am32, at a 90% con-
fidence limit. The Feldman-Cousins technique for correcting the contours
are also described in this chapter. By combining our disappearance limit
to BUGEY (a reactor experiment at France) disappearance P(v, — 7,)
limit, we can compare our results to LSND and MiNiBooNE appearance
P(7, — 7,) limit.

Chapter 7 summarises the work and the also contains future outlook
for sterile neutrino search around the world. The future sensitivity ex-
pected for one year of MINOS+ high statistics antineutrino mode is also
examined.
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Introduction to Neutrinos

Neutrinos are the second most abundant particle in the universe after
photons. The (3-decay study in early 1900’s provided the first evidence
for the neutrinos. In 1911, Lise Meitner and Otto Hahn showed that
the energy of electrons coming out from the (3-decay is continuous rather
than discrete energy spectrum. This was a contradiction to the laws of
conservation of energy. In 1930 December, Wolfgang Pauli proposed a new
particle as an immediate remedy for the observed continuous e~ energy
spectrum in the B-decay [I]. In a letter addressing his colleagues, in
a conference at Tiibingen, he proposed a “desperate remedy to save the
exchange theorem of statistics and the law of conservation of energy” [2].
Pauli described this new particle as a charge less 1/2 - spin particle, he
called it as “neutron” as it is chargeless. He proposed that a “neutron” is
also emitted along with the electron such that the the sum of the “neutron”
and e~ energy is constant, which explained the continuous nature of the
electron energy spectra observed in the (3-decay. In 1931, Fermi renamed
Pauli’s “neutron” and he gave the name neutrino which means small and
neutral in Italian. This elusive particle has continued to be a fascinating
object to physicists since then.

1.0.1 The Weak Interaction

Neutrino interacts via weak nuclear force. Fermi introduced the theory
of weak interaction in analogy with electromagnetic interaction [3]. This
interaction is also know as four fermion contact interaction which involves
electron, proton, neutron and neutrino coupling, the matrix element for
the 3-decay can be expressed as,

M = G(uny"up) (UyYute)-
19
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where, G is the coupling constant, wu; is the Dirac spinor of the particle
i, and y,’s are the Dirac gamma matrices. This interaction contains no
propagator and happens at a point. Fermi assumed that the parity is
conserved in this process and the form of reaction is vector-vector coupling.
Over the time it was understood that it requires some modification to the
Fermi’s theory, especially after the discovery of parity violation. Many
papers questioned the vector-vector nature of the interaction and led to
the inclusion of the axial component into the theory (V' — A theory) and
the matrix elements get modified accordingly [4,5]. The resulting 3-decay
matrix element is

M= %[umu )y [y(1 — Y]

This theory explained most of the weak interaction phenomena at low
energy, but the theory has difficulties as a relativistic field theory. Theory
predicts the cross section for a neutrino neutron interaction, o(vn) oc E2
(Ey is the neutrino energy) at low energy, but violates unitarity around 300
GeV [6] (first noticed by Heisenberg in 1936 [7]). The problem is that the
theory is not-renormalisable. The mathematical problems of introducing
a massive boson and making the theory renormalisable was established
by Sheldon Glashow, Abdus Salam, and Steven Weinberg [8-10]. The
consequences of the theory were the presence of neutral current component
to the weak interaction and masses for exchange particles W* and Z°.
The neutral current interaction was discovered in the Gargamelle bub-
ble chamber in 1973 [I1], 12]. The masses of the exchange bosons W* and
7 were first measured at the UA1 and UA2 experiments at the pp collider
at CERN [I3HI6]. The Feynman diagram for neutral current (mediated
via Z°) and charged current (mediated via W) interaction is displayed

in Fig. [1.1]



Three types of Neutrinos 21
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Figure 1.1: Two possible types of weak interaction. The charged current
interaction (left) via W boson exchange and neutral current interaction
(right) via exchange of Z°. This is applicable to both neutrinos and an-
tineutrinos.

1.0.2 Three types of Neutrinos

In 1956, Reines and Cowan experimentally discovered first neutrino
through the inverse beta decay [17], they used the v, from the reactor and
collided it with protons to produce neutrons and positrons, V.+p — n+e™
(Nobel prize for the year 1995 was awarded to Reines and Cowan for this
discovery).

In 1962, an experiment at Brookhaven discovered neutrino which is
produced by the pion decay, which when interact with the detector pro-
duced muons, not electrons. This experiment was an indication that there
exists a second generation of neutrino. Leon Lederman, Schwartz and
Steinberger [18] confirmed the existence of this second generation neutri-
nos. In 1988 Nobel prize was awarded for this discovery of muon neutrino.
The third generation of neutrinos, called tau neutrino (v.), was discovered
in 2000 at Fermilab’s DONUT (Direct Observation of NU Tau) experiment
[19].

The number of neutrino generations is same as the number of lepton
generations and this has been widely accepted and has been included in the
Standard Neutrino Model (SvM) [20]. The LEP (Large Electron-Positron)
collider experiment at CERN confirmed that there are only three active
neutrinos by measuring the width of Z° boson [2I]. Cosmological data
also suggests that there are three active neutrinos [22].
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Figure 1.2: A history of neutrino physics in brief. Figure is taken from
[23].

1.0.3 Neutrino Flavour Change and Mass

The mass of neutrinos had not been measured and there were many
thoughts that it may be identically zero in late 1950’s. Burno Pontecorvo
came up with the idea of neutrino flavour change, which is allowed by non-
zero neutrino masses [24]. At that time only one neutrino was known, v.,
so the oscillations considered were v = v oscillations by analogy with the
kaon system, assuming there is no lepton number violation in the neutrino
sector. After the discovery of v, in 1967, he considered the possibility of
neutrino flavour change including v, = v, oscillations. In 1964, Ziro
Maki, Masami Nakagawa and Shoichi Sakata discussed the two-flavour
oscillation model in the form that we know of today [25].

1.1 Neutrino Oscillations

Neutrino oscillation is a quantum mechanical phenomena, which man-
ifests the flavour changes in neutrinos. The mathematical formalism for
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the neutrino oscillation was put forward by Pontecarvo, Maki, Nakagawa,
and Sakata. Neutrinos are generated in a weak interaction, as the flavour
eigenstate, | v.), | vy), and | v,) and it propagate as the mass eigenstate
| V1), | v2) and |v3). These two sets of states are connected by a unitary
matrix called PMNS matrix, U such that

Ve Vi
V| =U"|vs (1.1)
V- V3

and UTU = 1. In the standard parametrization, the mixing matrix is
described by three mixing angles 6,5, 623, 613 and a C'P-violating phase, &
(Dirac phase) and the matrix can be written as,

Uel Uel Uel
U= U}Ll Upl Uul
UTl UT2 UT3

This matrix can be written as in terms of mixing angle and the CP-
violating phase as,

1 0 0 C13 0 Slge_i(s C12 512 0
U=10 Co3 S93 0 1 0 —S12 C12 0 (12)

0 —s93 Co3 —813671'5 0 C13 0 0 1

C12C13 $12€13 s13e ™0
U=|—512¢23 — 012523813€i§ C12C23 — 512523813€i(S 523C13 (1'3)

512523 — 612023513€i6 —C12523 — 512623513€i5 C23C13

where, s;; = sin6;; and ¢;; = cos 0;;. Now a neutrino of definite flavour v
can be written as a coherent superposition of mass eigenstates v;,

| v (0) ZU |vi). (1.4)

In course of time, this neutrino state evolves into a state associated with
a phase and the neutrino state at a later time ¢ is given by,

| Val(t) ZU e | v;). (1.5)
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with p; - ¢ = pl' - x,, where z,, is the space time four vector and p{ is the
four momentum of the mass eigenstates i. When neutrino interact with
the detector the wave function collapses and the transition amplitude of
a neutrino of flavour « at (0, 0) to be detected as a neutrino of flavour 3
at later space time point (77, ¢) can be written as,

(Vo Vaw) = ZZUBJ Uy, e (vslvi), (1.6)
by performing sum over all j we get

Vﬁ’VOC ZU,& Zz‘ €Z‘pi‘$. (17)

The energy and mass of the i neutrino mass eigenstate E; and m; respec-
tively. By assuming all the mass eigenstates have same three-momentum

7, we have

=t\/lp|*+mi -7 7. (1.9)

After performing the expansion of the above term and assuming (m; <
E;), for relativistic neutrino we can take, t=L and P - Z =| P |L (where,
L is the distance travelled), we obtain

p| M| (1.10)
pi-x=|p L(l—l— ! )— pl|L 1.10
2|p|?

Taking F as the average energy, m; < E; and | P |~ E, we can write

it = S (1.11)

thus

tll‘ssw

(V| Var)) ZUﬁjU et (1.12)

The probability of observing a neutrino flavour of vy a distance L from
the source, from a pure v, at the source is given by,

P(ve = vg) =] (VvgIvar)) | (1.13)
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"m?L Am?L
P<Voc — Vﬁ) = (ZUE] Uaj G_ZQE> (ZU,BZ UZZ G_ZQE), (1.14)
J J

'Am?jL
P(V(x — VB) = Z Z UZJ Uﬁi UZz Uaj e ' T2EB + (115)

1

j
{Z Z Us; Ui Uy, Uy — Z Z Us; Ugi Uy Uy ] ,
7 7 1 J

where, Am?; = m7—m?. The last terms are identical and the sum becomes
zero. For the easy interpretation Amg; = m7—m3 is known as the neutrino

i_

mass splitting and the above equation becomes,

P(ve = vg) =>_> Up; Usi Ug, Uay (G_iAﬁjL - 1) (1.16)
i
+ Z zjj U3, Ugi Uy, Uy,
The second term in the above equation can be simplify as,
Z Z UZ’j Upi Uy, Uaj = Z Usi Ugi Z Ugj Uaj (1.17)
i i J
= > Upi Ul 3 Ujg Uaj
b

because of the unitarity of U, if we take the first term as B;;, then
Bij = Bj; thus By + Bj; = 2R[By;] and equation leads to

AmZ.L
. ij

P(ve = vg) = g +2 3 Z%[U;;j Ui U, U, (e—Z - 1)}

i(>5) J

Using the identity

_jAmiL AmZ; L . (AmL 110
2K = _— - J
e cos( 5 )—l—zsm( 5 ) (1.19)
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and

Amij | — 952 Am?jL 190
COS(QE) _Sm(4E> (1.20)

the probability can be written as,

P(ve = vp) = ap (1.21)

+ 2 Z ZIHI |:UE] Uﬁl UZI Uaj:| sin <2E'

i(>7) J

Am%L)

Am?2 L
~ 1Y SR\ Up, s Uy Uy | sin (=127

i(>7) J

1.2 The Two Flavour Approximation

The two-neutrino flavour approximation is a fairly accurate descrip-
tion for a number of neutrino oscillation experiments. For simplicity, we
consider that neutrinos exist only in two flavours. Now in equation [1.21]
the argument of the last sinusoidal term with the imaginary part can be
written in S.I unit as,

AmZ;c'L
4FEhc

Using energy in the units of GeV, L in km and Am?j in eV?, it becomes

1.27TAm3; L

—F
The argument of the sinusoidal term with the real part is a factor of 2
larger. The survival probability for a muon neutrino of energy F after
traveling a distance L is given by,

. 1L.27TAmZ L
Pvp—=v)=1-4> > |Uy|’| Uy | sin® (EJ> (1.22)

i(>5) 7

The imaginary term in equation is zero when « = 3. For two flavour
approximation we take sinf;3 = 0 and cosf;3 = 1, the relevant matrix
elements in the equation are,
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6 2. .2 2
Upl = S12C23 — C12523S513€ - ‘ U}Ll | ~ S12C93, (123)
i8 2. 2 2
UuQ = C12€23 — 512523513€ = | UuQ | ~ C19Ca3,
_ 2. 2
Uus = S23C13 = | Upa |*= 533.

The experiments have shown that Am?2, = O(7 x 10~°eV?). For the
case of MINOS (Main Injector Neutrino Oscillations Search) experiment.
The details of the experiment are described in Chapter 3, Its baseline is
735 km, and the neutrino energy is 3 GeV, so the argument of sin function
becomes,

.y (1.27Am§1L> s <1.27 X 7x107° x 735
Sin —_—

z ~ sin 3 ) ~ sin?(0.02) =~ 0.

(1.24)
Similarly, Am2, = O(3 x 1073eV*(>> Am3,)) and Am2, — Am3, = Am2,,

so Am?, ~ Am2, = Am2, , therefore,

1.27Am2L>

P(vy — vy) & 1 — 4535655(854 + ¢7,) sin® ( =

(1.25)
Using 2sin fa3 cosfas = sin 2093 and sin? 69 + cos? 6o = 1, in the two
flavour approximation the survival probability becomes,

1.27Am2L>

P(v, — v,) = 1 — sin®(26,3) sin® ( 5

(1.26)

e Electron neutrino disappearance

The reactor experiments like Daya Bay, RENO, Double Chooz ex-
periments [26] 27, 46] are sensitive to the channel given by

1.27Am§2L)

P(ve = v) 1 —4|Usg [2 (1= | Uy |?) sin? ( i

(1.27)
1.27Am§2L>

~ 1 — sin® 26,5 sin? ( 5

e Muon neutrino disappearance
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MINOS, T2K, and NOvA are sensitive to |29} [30].

. 1.27Am2, L

P(ve = v) 1= 4| Uy |2 (1 | Uy |?)sin? (E32)

(1.28)
1.27Am§2L)

~ 1 — cos? 65 sin? 20,3 sin® ( z

e Electron neutrino appearance
MINOS, T2K, and NOvA are sensitive to this channel also [30] B31].

1.27Am2, L
P(ve 5 vo) ~ 1 — 4| U | Uy |2 sin? <7Em?’2) (1.29)
1.27Am§2L)
),

~ sin? 26,5 sin® Oy3 sin’ (

1.3 Experimental evidence for Neutrino os-
cillations

1.3.1 Solar Neutrinos

The first evidence for the neutrinos oscillation came from the solar
neutrino studies performed by Ray Davis in 1968, at the Homestake mine.
The experiment measured the flux of neutrinos coming from the 8B decay,

B = "B* +e" +v, (= 10 MeV)

The detector element, CyCls, filled in a tank and the every time when neu-
trino interacts inside the detector an argon atom is produced through the
reaction, v.+37Cl — e~ +37Ar. The number of 3" Ar produced was half less
than what was expected from the solar neutrino flux models [32]. At first
it was thought that there can be problems with the standard solar model
(SSM). An independent measurement was performed by Kamiokande us-
ing the Cherenkov detector and observed similar discrepancies in atmo-
spheric neutrinos as well [33] .
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Figure 1.3: The predicted solar neutrino flux by SSM. The numbers shown
are the uncertainty from the models.

Fig. shows the neutrino flux coming from the different chain of the
reaction in the sun. If we measure the neutrino flux coming out of the pp
chain, which is basically the fusion of hydrogen nuclei into helium,

p+p—d+et +v. (~0.3 MeV)

This reaction is well studied by the radio chemical experiments like SAGE
[34], GALLEX-GNO [35]. These neutrinos are studied using their inter-
action with Gallium,

v, +Ga — e + "Ge

The threshold of this reaction is about 0.233 MeV. The reaction rate of this
process is model independent unlike that of ®B chain. The predicted rate
using the SSM is 128 SNU on Ga, but the SAGE and GALLEX observed
only 70.8%%% SNU and 77.5773 SNU respectively (SNU stands for Solar
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Neutrino Unit, which is 10% events/atom/second). This is also half of
what we expect from the model prediction. This problem is also known
as “Solar Neutrino Problem” and later it is identified to be a consequence
of neutrino oscillation.

The Sudbury Neutrino Observatory (SNO) experiment measured the
solar neutrino oscillation parameter in the parameter space of Am3, — 6,
[36]. The SNO is located about 2 km underground in a mine in Sudbury,
Ontario, Canada. It is a water Cherenkov detector designed to detect
the solar neutrinos with D,O as the detecting material. The experiment
measured the charged and neutral current events separately. This way
a model-independent test can be done to verify the neutrino oscillation
hypothesis. The experiment measures the Large Mixing Angle (LMA)
solution with the Mikheyev-Smirnov-Wolfenstein (MSW) matter effects
[37]. The combined fit to all the solar neutrino data gives the best fit
oscillation parameter as,

AmZ, = (5.6719) x 1075eV?, tan® 015 = 0.42710:933.

From the the MSW effect it can be established that ms > m; [3§]. There
are other experiments which measure the neutrino oscillation in the ‘solar
sector’ (i.e, measure the small mass squared splitting Am2, and 6;,), by
studying the v, from other sources. Nuclear reactor is one of the source
which provides a large flux of v, and KamLAND is the first experiment
which studied the reactor antineutrinos [39]. KamLAND detector is in
the Kamioka mine in Japan, detecting element consists of 1 kTon of lig-
uid scintillator surrounded by non-scintillating buffer oil. The scintillator
light is collected by 1,900 phototubes, the neutrinos are detected via in-
verse beta decay and prompt delayed double coincidence of the signal.
The neutrino flux for the experiment was provided by the 55 commercial
nuclear reactors at a distance varying from 140 to 210 km from the detec-
tor. A clear signal for v, disappearance is observed which was then fitted
to extract the neutrino oscillation parameter, the fit gives [39],

AmZ, = (7.667032) x 107%eV?, tan® 01, = 0.527015.

Fig. [1.4] shows the ratio of the expected to the measured number of neu-
trino events and the parameters obtained from the fitting is consistent
with oscillation hypothesis.



Solar Neutrinos 31

e« Data-BG-GeoV.
— Expectation based on osci. parameters

L | determined by KamLAND
g sk
2 0.8 e
= C
A {).6_—+ +| RS
E |
04
s +
02
U._.I....I....I....I....I....I....I....I....I...

20 30 40 S0 60 70 80 90 100
Ly/E, (km/MeV)

Figure 1.4: The ratio of measured rate of v, to the expectation for no
oscillation as function of L/E. Also shown the best fit for oscillation
hypothesis. Figure is taken from [39].

These two independent measurements with completely different detec-
tors brings confidence in the particle physics community that neutrinos
are oscillating. The results from the solar neutrino experiment and Kam-
LAND are combined and that yields the world’s best measurement of solar
neutrino parameter with a precision of 3.5% [40].

Am3, = (7.547025) x 107%eV?, tan? 1, = 0.30770015.  (1.30)
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Figure 1.5: The neutrino oscillation parameters allowed by KamLAND
and combined solar neutrino experiments. The side panels show the Ay?
profiles for KamLAND (dashed line) and solar experiments (dotted line)
individually, and the combination of the two (solid line). Figure is taken

from [39)].

1.3.2 Atmospheric Neutrinos

Atmospheric neutrino sector measures the mass squared splitting Am3,
and mixing angle f,3. These parameters can be measured by studying the
atmospheric neutrino oscillations and accelerator based neutrino beams
(vy). Cosmic rays produce pions and kaons when they strike the earth’s
atmosphere, this pions and koans, which then decay and produce muon
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neutrinos.
™ = ut 4+ v, wt — et +v.+v,

If there were no neutrino oscillations, we would expect flux ratio for v,:v,
is 2 : 1 (given the fact that your detector cannot distinguish u* and p™),
but the observed flux rate for v, was 2/3 of the prediction [41]. The Super
Kamiokande collaboration in 1998 studied the atmospheric neutrinos [42]
by looking at the zenith angle distribution of charged current interaction
due to the muon neutrinos and electron neutrinos.
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Figure 1.6: Zenith angle distributions of p-like and e-like events for sub-
GeV and multi-GeV data set. The dotted lines are the prediction from the
Monte Carlo with out oscillation and the solid line is the best fit to the
v, — Vv, oscillations. The sub-GeV events are with energy <1.33 GeV,
mutli-GeV events are with energy >1.4 GeV. Plot is taken from [42]

The neutrino oscillation in atmospheric sector can also be studied using
the neutrinos produced by accelerators beams. The neutrino oscillation
hypothesis is independently confirmed by accelerator based muon neutri-
nos also. In a typical accelerator based neutrino experiment, neutrino
beam energy is tuned to get the best oscillation sensitivity in the detector
which is placed at a distance L (one oscillation length) from the source.
The first oscillation results using the accelerator based neutrino is from
K2K experiment in Japan, KEK uses 1 GeV of neutrino produced at the
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K2K accelerator and events were observed at the Super-Kamiokande de-
tector which is 250 km away from the neutrino source. The most precise
measurement of mass square splitting in atmospheric sector is done by
MINOS and mixing angle is measured by Super-Kamiokande. The most
precise measurement for Am3, [43] and sin? 63 [30] is done by these ex-
periments and the values are,

Am2, = 241159 x 107%eV?, sin® 2605 = 0.9570932(90%C.L).
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Figure 1.7: The 90% C.L contour for Am? vs sin?(20) from MINOS.
This uses the full set of MINOS data which includes v, mode, v, mode
and 37.88 kiloton-year atmospheric data. The contour obtained from the
Super-K L/FE analysis and T2K 90% contour are shown [43].
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1.3.3 Reactor Neutrino Oscillation

Reactor neutrino oscillation studies plays a crucial role in the devel-
opment of the standard three flavour oscillation frame work. The experi-
ments measure the disappearance of the v., the disappearance probability
is given by the Eqn. (1.27). The CHOOZ, situated in France, is one of
the reactor experiment which study neutrino oscillations. This experi-
ment studies the neutrinos coming from the CHOOZ nuclear plant having
a thermal energy of 4.25 GW. The detector is 1 km away from the re-
actor and uses a 5 ton of liquid scintillator doped with Gd (for neutron
capture) as the detecting material. This experiment did not observe any
v, disappearance and set an upper limit on the mixing parameter. The
v, — ¥, oscillation excluded at 90%C.L for a value of Am? > 7 x 10~%eV?
at maximal mixing, and sin?(26) > 0.10 for large Am? [44]. Another ex-
periment at Palo Verde in Arizona, also studied the neutrinos which are
coming from three nuclear reactor, of which two are at a distance of 890
m and one at 750 m with a thermal power of 11.63 GeV. No evidence for
neutrino disappearance was found. The v, — v, excluded at 90% C.L for
Am? > 1.1 x 1073eV? at full mixing and sin?(20) > 0.17 [45].

The Double CHOOZ experiment, the successor of CHOOZ measured
the neutrino oscillation using two detectors, one at 400 m and other is
at 1.05 km away from the reactor. The experiment was designed to get
the best sensitivity for the mixing angle #;3. The detector which is at
1.05 km away observed a total of 8249 electron antineutrino events with
a 33.71GW-ton year of exposure. The prediction with 613 = 0, was 8937
events. The measured of value of A3 from rate and spectral shape mea-
surement is sin? 20;3 = 0.109 +0.030 (stat) 4 0.025 (syst) [46]. The Daya
Bay experiment in China has measured the value of #,3 precisely. The
Daya Bay reactor experiment uses neutrinos coming out from 6 reactors,
each with 2.9 GW thermal power. The electron antineutrino energy pro-
duced by these reactor peaks at 3 GeV. The experiment used two Near
Detector and one Far Detector, the Near Detectors are situated at 470 m
and 576 m, the Far Detector is situated at 1648 m away from the reactor
respectively. The detecting material is Gadolinium doped liquid scintilla-
tor and the detector looks for the coincidence of the prompt scintillation
from the e and delayed neutron captured on the Gadolinium. The best
oscillation fit for the mixing angle 63, is given by [47],

sin? 2613 = 0.089 & 0.010 (stat) =+ 0.005(syst) (1.31)
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This is the most precise measurement of sin? 26,5 to date with a precision
of 12.6%.
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Figure 1.8: Top: The prompt energy spectrum of the far hall (sum of
three ADs) compared with the no-oscillation prediction based on the mea-
surements of the two near halls. Spectra were background subtracted.
Uncertainties are statistical only. Bottom: The ratio of measured and
predicted no-oscillation spectra. The solid curve is the expected ratio
with oscillations, calculated as a function of neutrino energy assuming
sin? 2603 = 0.089 obtained from the rate based analysis. The dashed line
is the no-oscillation prediction. Plot is taken from [47].

A similar measurement has been confirmed by Reactor Experiment for
Neutrino Oscillations (RENO). RENO is situated in Korea. The neutrinos
are obtained from the 6 reactor at the Yonggwang Nuclear Power plant,
having a thermal energy of 2.8 GWy,. Neutrinos are detected by two
identical detectors located at 294 m and 1383 m away from the neutrino
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source. By comparing the expected and observed event rate at the Far
Detector the value of ;5 is obtained, the best fit is sin? 260,53 = 0.113 +
0.013 (stat) £0.019 (syst) [48].
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Figure 1.9: The observed prompt energy spectrum at Far Detector com-
pared with the non-oscillation predictions from the measurements in the
Near Detector. The backgrounds shown in the inset are subtracted for
the far spectrum. The background fraction is 5.5% (2.7%) for Far (Near)
detector. Errors are statistical uncertainties only. Bottom: The ratio of
the measured spectrum of Far Detector to the non-oscillation prediction.
Plot is taken from [48].

Long baseline neutrino oscillation experiments also look for the v, ap-
pearance and aim at measuring the value of #;35. The T2K experiment
observed electron neutrino in muon neutrino beam. T2K at the Far De-
tector observed a total of 11 v, events, with a background of 3.3+0.4 (stat)
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events [49]. The best fit values for sin?(26;3) with the 68% C.L are,

sin? 20,3 = 0.08870039 (Normal Ordering) (1.32)
sin? 26,3 = 0.10870:0%2 (Inverted Ordering) (1.33)
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Figure 1.10: The 68% and 90% C.L for sin® 26,3 scanned over values of
dcp. Left plot for normal hierarchy and right plot is inverted hierarchy:.
Plot is taken from [49].

A similar study has been done in MINOS. The NOvVA experiment
at Fermilab is designed to measure the v, appearance from a v, beam
has recently published the first result. The experiment confirms the v,
appearance signal at 3.30. The contours from MINOS and NOvVA are
shown in Fig.|1.11
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1.4 Future Neutrino Programmes

Neutrino physics has entered in the era of precision measurement. The
upcoming neutrino programs will answer questions like, mass ordering of
the neutrinos, whether neutrinos violate CP, measure the octant of mixing
angle a3, do we have more than three neutrinos etc.

1.4.1 Mass Ordering

Neutrino oscillation experiments have not been able to resolve the sign
of AmZ; and Am3,. Therefore, if Am3, is positive, i.e, m3 >> mg, m; it
is known as Normal Hierarchy (NH). If the sign is negative, i.e, m3 <<
msg, my the scenario is called Inverted Hierarchy (IH). It is very important
to know the mass ordering of neutrinos as it gives hints to solve problem
of whether neutrinos are its own antiparticle.
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Figure 1.12: Two possible mass ordering for neutrino.

1.4.2 CP violation

A CP violation is a measure of a particle and its corresponding antipar-
ticle behaves differently. Partner of a neutrino under CP transformation
is an antineutrino. If CP-symmetry on neutrinos are violated, then it is
expected that the probabilities of some phenomena between neutrinos and
anti-neutrinos are different. There are many projects designed to investi-
gate the difference of the neutrino oscillation probabilities between neu-
trinos and anti-neutrinos with intensive neutrino and antineutrino beam.
CP violation is expressed by an phase §. It is the phase 6 in PMNS matrix
which leads to this CP violation. If we could measure difference in oscil-
lation probability between neutrino and antineutrino, which would then
will be a measure of CP-violation, i.e, P(v, — vg) # P(v, — vp), for
a # . The CP-violation can measure only in appearance experiment.
Disappearance experiment is a T invariant process, therefore CP must be
invariant.

1.4.3 093 Octant

The angle 6,3 is a measure of admixture of mass state 3. So far the
measurement is consistent with the value of 03 = 45°. If it is exactly 45°,
it says v3 contains v, and v equally. This is known as maximal mixing in
neutrino physics. We can measure the mixing is maximal or non-maximal
by the accurate measurement of the the v, disappearance. The difficulty
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is that, the leading order term in the probability depends on sin? 26,3 and
which is close to one, so the probability will be same for 26,3 > 90° and
2623 5 900

The CP violation in the lepton sector will answer why we have matter
dominated universe. All the future neutrino experiments will answer the
most fundamental questions about the nature of neutrinos [51]. DUNE
[52], JUNO [53], INO [54], LAGUNA [55], Hyper-K [56], CHIPS [57] are
some of the future projects which will be trying to understand the nature
of this elusive neutrinos.






Sterile Neutrinos

In the standard model of particle physics there are only three neu-
trinos v, v, and v.. But there are hints for additional neutrino states
with masses at the eV scale [58]. The LEP (Large Electron-Positron) ex-
periment at CERN confirmed that there are only three active neutrinos
coupled to the Z° boson by measuring the decay width of the Z° boson
[59]. This indicates that if there are additional neutrinos, since it do not
have any coupling with the Z° boson, hence do not participate in any
standard model interaction, these neutrinos are called sterile neutrinos.
A sterile neutrino is a neutral lepton with no ordinary weak interaction
except those induced by mixing. Sterile neutrinos are present in many ex-
tensions of standard model. These neutrinos may play an important role
in the leptogenesis in the early universe. As sterile neutrino have mixing
with ordinary neutrinos, neutrino oscillation experiments are very good
probe to search for it. Astrophysics experiment, like dark matter searches
are also looking for this fourth type neutrino.

Sterile neutrinos can be incorporated into the oscillation formalism
by adding additional neutrino states. In general, for N neutrino mass
eigenstates, the neutrino mixing is parametrized by an N x N unitary
matrix, with N(N — 1)/2 mixing angles and N(N — 1)(/N — 2)/2 phases.
The mixing angles are a measure of the flavour content in a particular
mass eigenstate. The phases are a measure of the leptonic CP-violation,
which may have played a role in the generation of the matter-antimatter
asymmetry in the early universe [60]. A simple 34+1 model, which includes
three active neutrinos and one sterile neutrino, is studied in this thesis.

43
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2.1 Experimental Anomalies in Neutrino
Physics

Neutrino oscillation studies at short baseline have seen anomalies which
can be explained by additional neutrino state. These anomalies are ob-
served at an L/E ~ 1 m/MeV, where L is the distance travelled by neu-
trino and E is the energy of the neutrino. The LSND (Liquid Scintillator
Neutrino Detector) at Los Alamos Laboratory reported such an anomaly
in the data [61]. The MiniBooNE (Mini Booster Neutrino Experiment) at
Fermilab also reported similar results in the v, — v, oscillation studies
for a similar value of L/E [62]. The other anomaly includes, the reactor
anomaly [63], radioactive anomalies in GALLEX (Gallium Experiment)
[35] and the anomalies seen in the SAGE (Soviet-American Gallium Ex-
periment), solar neutrino experiment [34].

2.1.1 The LSND Anomaly

The Liquid Scintillator Neutrino Detector (LSND) is a neutrino detec-
tor designed to study the neutrinos produced from the Los Alamos Meson
Physics Facility (LAMPF) at Los Alamos Laboratory. The experiment
studied v, — v, oscillation and observed an excess of antineutrino events
at a significance of 3.8 o level above the expected background. This data
was interpreted as two-flavour oscillation with very small mixing angle
sin? 260 ~ 0.003 and large Am? ~ 1 V2. LSND found an excess of 87.9 +
22.4+ 6.0 v, events above a background of 30.0 + 6.0 events.
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Figure 2.1: The observed excess in v, events in LSND as function of energy
(left) and as a function of L/E (right). Plots taken from [58].

This excess is interpreted as neutrino oscillation with Am? ~ 1 eV?
and sin® 20, ~ 0.003, which does not fit into the standard three-flavour
neutrino oscillation picture, where the two independent mass squared dif-
ferences are orders of magnitude different than the 1 V2. This allows
for additional neutrinos states to exist with a higher Am? value than the
standard three neutrino scenario.

Am*[eviet]

am? (ev ?)

95% C.L.

) 107 107? 10" 1
sin’27 sin’20

Figure 2.2: The fit results in terms of parameters space (Am? and sin? 26).
The fit includes both v, — v, and v, — v, oscillations. The 90% Confi-
dence Limit (90%C.L) from reactor Bugey experiment (green) and KAR-
MEN2 (brown) are also shown (left). Combined analysis of KARMEN
and LSND gives the allowed region (right). The figure taken from [64].
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2.1.2 The MiniBooNE Experiment

The MiniBooNE [65] at Fermilab was built to test the LSND anomaly.
The MiniBooNE detector is a spherical tank of diameter 12.2 m filled
with 800 tons of mineral oil and use neutrinos produced by the Fermilab
booster neutrino facility. The experiment was designed at the same L/F
(km/MeV) as that of the LSND. MiniBooNE looked for the v, — V.
and v, — Vv, oscillation by selecting the charged current quasi elastic
(CCQE) event v, 4+ C — e~ + X. The flux prediction of different neutrino
components at MiniBooNE detector is shown in Fig. 2.3]

®(E,) [v/em?/POT/50 MeV]
(E,) [v/em?POT/50 MeV]

10"

P TR N 15 s b el Lo
05 1 15 2 25 3 35 4 45 5 B T T T Y S R TR Y
E, [GeV] E, [GeV]

(a) (b)

Figure 2.3: The flux prediction for different neutrino component at the
MiniBooNE detector, for neutrino mode (right) and antineutrino mode
(left) [64].

The reconstructed neutrino energy spectra with different background
components is shown in Fig. [3.2l While data and Monte Carlo (MC) are in
good agreement for neutrino energy, Egr > 475 MeV and an excess of neu-
trino events is observed below 475 MeV. The MiniBooNE sample is split up
into three regions, 200-300 MeV, 300-475 MeV and 475-1250 MeV respec-
tively and correspondingly the total expected background in these regions
is 186.8 4+ 26.0 events, 228.3 4+ 24.5 events, and 385.9 + 35.7 events. For
v, — V, oscillation at the LSND best fit (Am? = 1.2 éV?, sin? 26 = 0.003
), the expected number of v, CCQE events are 7, 37 and 135 respec-
tively. The final analysis found an excess of 128.8 £+ 20.4 4+ 38.3 events
in the energy range 200 MeV < E9F < 475 MeV and for the full energy
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range (200 MeV < E9F < 1250 MeV) there are 151.0 4 28.3 + 50.7 excess

events [64].
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Figure 2.4: The reconstructed energy spectra for neutrino in MiniBooNE
detector with different backgrounds (top). The excess of neutrino events
seen in the MiniBooNE as function of E?¥ (bottom). Figure taken from

[64].

MiniBooNE also observed an excess of events in the v, mode data.
In the v, it is found that there are 54.9 £17.4 £+ 16.3 excess events in
the 200 MeV < E9F < 1250 MeV energy range. The allowed region of
parameters space obtained from the antineutrino fit results are shown in
Fig. 2.5 which is consistent with LSND result. The fit for this study was
performed by taking into account for the bin-to-bin correlations in the
uncertainties, which includes flux, cross section and detector systematics.
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Figure 2.5: The reconstructed energy spectra for antineutrino in Mini-
BooNE with different backgrounds (right). The excess of antineutrino
events seen in the MiniBooNE as function of E9F (left). Figure taken

from [64].

T T T T
—— 68% CL

— 90% CL

— 95%CL

—— 99% CL

BN ) e KARMEN2 90% CL |
TRl e BUGEY 90% CL

10° [

lAm?| (eV2/c?)

10"

A .LSND 90% CL

PRELIMIREA)
JULY 201

L I:ILSND 99% CL

RS
102 : : 2

10° 10 107 1
sin’(20)

Figure 2.6: The allowed region of parameter space obtained from the Mini-
BooNE antineutrino fit result, which is consistent with LSND signal [64].
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Figure 2.7: The top plot shows the sensitivity (dashed line) and limit (solid
line) for 90% C.L. for neutrino disappearance in MiniBooNE. Previous
limits by CCFR (Chicago - Columbia - Fermilab - Rochester) in dark
grey and CDHS (CERN - Dortmund - Heidelberg - Saclay experiment)
in light grey are also shown. The bottom plot shows the antineutrino
disappearance limit [66].

2.1.3 The Short Baseline (SBL) Reactor Anomalies

Reactor neutrino anomalies came from the re-analysis of old neutrino
data using the newly evaluated v, flux [67]. The newly evaluated flux
is 3.5% larger than the flux previously used. For neutrinos traveling a
distance less than 100 m, this leads to a change in the ratio of observed to
expected events from 0.976 + 0.024 to 0.943 £ 0.023 which is a deviation
from unity at 98.6% Confidence Limit (C.L).
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Figure 2.8: The allowed regions of oscillation parameters from the SBL
data with 341 model (left). Ratio of observed to expected number of
events, together with prediction for different Am? and sin®260,, values
(right). The figure is taken from [68].

2.1.4 The Gallium Anomaly

The GALLEX [35] and SAGE (Soviet-American Gallium Experiment)
[34] solar neutrino detectors were used to perform the radioactive source
experiment, these detectors basically look for the electron neutrino (v,)
produced by the intense radioactive source of Cr and Ar placed inside the
detector and these radioactive nuclei emits v, through electron capture.
The neutrino energy threshold for this reaction is 0.233 MeV. The number
of events observed is less than expected at a 2.8 ¢ level.
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Figure 2.9: The allowed region in the Am? — sin? 26 plane obtained from
the combined fit of the results of the two GALLEX Cr radioactive source
experiments, and the SAGE Cr and Ar radioactive source experiments
[64].

2.2 Four-Flavour Oscillation Model (3+1 Model)

The addition of a fourth neutrino mass and flavour state requires the
PMNS mixing matrix to be generalized to four dimensions,

Uel Ue2 UeB Ue4

_ Uul Uu2 Uu3 Uu4
U= U‘rl U7'2 UT3 UT4 (2 1)

Us 1 Us2 UsS Us4

In the standard formalism [69], probability of neutrino with one flavour
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transforming to another flavour can be written as,

P(va = Vg) = 0ap — 4> R(U;;Up;UcilUp;) sin® Ay
- (2.2)
+2) Im(U},;Us,UaiUp;) sin(24;),
j>1
where Aj; = (m7—m3)L/(4E), L is the distance travelled by the neutrino,
R, Im are real and imaginary part and E is the energy of the neutrino. The
formula can be simplified on the basis of some approximation, oscillation
driven by Am3, is too small and can be neglected, so the approximation
sin? Ay, = sin(2A,;) = 0 is valid. This leads to equivalent approximation
Ay = Ay, Azs = Az and leads to the following expression for the
survival probability of v, or (v,),

Pvy—=v)=1-4|Us > (1= | Ug |> — | Uu |?)sin® Ag
+ 4| Uy || Uys |? sin® Agz (2.3)
+4 | U P (1= | Uy > = | Upa [*) sin® Ay,
where,

—101

Uus = —sinfy4sinfy3e ! sin g0 2 + COS b3 Sin Oag sin oy, (2.4)

Ups = — cos B4 sin Ooye™ 2 (2.5)

Measurements from short-baseline experiments suggest that 6,4 is small
[64], even if the signal suggested by the reactor antineutrino anomalies
are positive, it also suggest a small value of 14 hence the approximation
sin 094 cos 614 = sin 6y, can be made. Then matrix element in the Eq.
simplify to

U = sin Oy cos b4, Uy = sin oy 2 (2.6)
In the region where, Am3; > 107! ¢V?, with in the resolution of the

MINOS Far Detector sin? A4; and sin? A3 average to % Therefore at Far
Detector, the survival probability can be written as

. Upal?
P = 1= {00601 = WP =[P s 2ar + 5 1 - )

1
= 1 — sin® (2043) cos® Aoy sin® Ag; — 5 sin? 20,
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2.3 Sterile Neutrinos in MINOS

MINOS also calculated the mixing between active and sterile neutri-
nos by measuring the Neutral Current (NC) events rate [70]. Since NC
cross section is same for all the three active neutrinos, the total NC event
rate are unaffected by the standard three-flavour oscillation. The mixing
between sterile and active neutrino cause a energy dependent depletion in
the Far Detector.
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Figure 2.10: The plot shows the reconstructed NC selected events in MI-
NOS Near Detector data and compared with MC simulation, the band
shows 1o error in the MC, the CC background is also shown in the back
histogram. Figure taken from [71].
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Figure 2.11: The plot shows the reconstructed NC selected events in MI-
NOS Far Detector data and compared with MC simulation, the band
shows 1 ¢ error in the MC, also the CC background is also shown in the
back histogram. Figure is taken from [71].

The agreement between the observed and predicted NC spectra is
quantified using a statistic R,

_ ND{data} - BCC

R
Snc

: (2.8)

where, N Djgata) is the observed event rate in the given energy range, Bcc
is the extrapolated CC interaction from all flavours and Sy¢ is the extrap-
olated number of NC interactions.
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2.4 Context of the Thesis

This thesis includes the search result for sterile antineutrinos using
3.36 x 10?° Protons On Target (POT). The MINOS experiment has col-
lected data in antineutrino mode between the year 2009-2011. The excess
seen by MiniBooNE and LSND in the antineutrino mode data can be com-
pared directly with MINOS v,, disappearance results after combining with
the v, disappearance data. The results in this thesis include the sterile
neutrino search using the charged current selected v, events. A limit has
been set on mixing angle 04 using the CC disappearance of the v,. This
thesis also describes a combination technique of MINOS results with the
reactor neutrino experiment at BUGEY (a place in France) which looks
for the v, disappearance. The combined results gives a limit which probes
the appearance channel angle, so that the result can be directly compared
to the LSND and MiniBooNE signal.
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Experiment

MINOS (Main Injector Neutrino Oscillation Search) is a long baseline
neutrino experiment, designed to study neutrino oscillation in the atmo-
spheric sector. MINOS uses v, /v, produced at the NuMI beamline at Fer-
milab and directed toward two detectors, the Near Detector (ND), located
1.04 km away from the NuMI beam target and Far Detector (FD) located
in the Soudan Mine at Minnesota, 735 km away from the beam target. A
schematic representation of the experiment is shown in Fig. The Near
Detector measures the neutrino energy spectrum and the beam composi-
tion and Far Detector measures the oscillated neutrino energy spectrum.
By comparing the two energy spectra, neutrino oscillation parameter can
be precisely measured.

Fermilab

A\

Figure 3.1: Schematic representation of the MINOS experiment. The Near
Detector (ND) is at Fermilab and the Far Detector (FD) is at Soudan,
Minnesota [69].

57
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3.1 MINOS Physics

The MINOS experiment’s main aim is to measure the oscillation pa-
rameters Am2; and sin?2053. The basic idea behind the experiment is
that, the measured Near Detector energy spectrum can be used to pre-
dict the Far Detector energy spectrum in the absence of oscillation and
then compared with the observed Far Detector energy spectrum (see Fig-
ure. . A clear deficit of number of events is observed at the Far Detec-
tor, which can be interpreted due to the neutrino oscillation. The recent
analysis in MINOS measured the value of Am3, with an accuracy less
than 10% [31]. The measured best fit value result for oscillation param-
eters are, | Am3, |= 2.347009 x 1073 eV?, sin? oy = 0.437005. For this
analysis MINOS uses the 14.12 x 10?° POT of beam data and 48.67 kt-yr
atmospheric neutrino data. All systematics uncertainties are taken into
account during the fitting, which includes detector acceptance, hadron
production, beam, cross section, energy and normalisation systematics.
These systematics are incorporated in the fit as a nuisance parameter.
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Figure 3.2: (a) The results of the MINOS disappearance with v, beam
data, comparing the FD data (black) to the prediction without oscillation
(red) and the prediction with oscillation (blue). Data agrees well with the
oscillation prediction. (b) The ratio to the no oscillation, a clear oscillation
dip is visible, the best fit oscillation are shown in blue.

The ratio of data to no oscillation can be translated into the survival
probably of v, P(v, — v,). A characteristic dip is seen around 1.5 GeV.
The magnitude of the dip is governed by sin? 20,3, whilst the energy at
the dip is a measure of Am3,.
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Figure 3.3: The survival probability of a muon neutrino in a two-flavour
model as a function of neutrino energy, the position of the dip is the

measure of mass squared splitting, Am?2, = and depth of the dip is the
measure of mixing angle, sin? 26 . Figure is taken from [69].

MINOS also measured the mixing angle 015 [72], by studying the ap-
pearance of v, at the Far Detector. The experiment studied many other
interesting physics which includes, the non-standard interaction and the
constrained flavour changing neutrino interaction [73] and the propaga-
tion speed of neutrinos as they travel from Fermilab to Soudan. The
result of the measurement is consistent with theory [74]. CPT violation
was tested in MINOS by comparing the probability difference of neutrino
and antineutrino oscillation in the disappearance channel [23].

3.2 The NuMI Beam

The neutrinos for the MINOS experiment are provided by the NuMI
(Neutrino at Main Injector) facility at Fermilab. A graphical represen-
tation of NuMI facility is shown in Fig. [3.4, Here 120 GeV protons are
extracted from the Main Injector (MI) in a pulse form (spill) which last
for 10 ps in every 2.2 seconds. These protons collide with a water cooled
segmented graphite target (47 segments with a thickness of 1.9 nuclear
interaction lengths) and produces hadrons. Before the beam reaches the
target it passes through the a graphite baffle (150 cm long and 11 mm
radius), which helps to reduce the intensity of badly focused protons and
protects the downstream components.
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Figure 3.4: The graphical representation of the NuMI beam and neutrino
production. The figure is taken from [23].

The hadrons produced in the target are focused using two magnetic
horns, placed just behind the target. The hadrons are mostly pions and
kaons, which then decay predominantly into muons and neutrinos in a
675 m long decay pipe. The decay of m* — ut + v, and K* — put + v,
produces the v, beam, which will also have some small fraction of v,
coming from the = and K~ produced in the target and a small fraction
of V¢ /Ve due to the subdominant decay mode of K™, K® and decay of the
tertiary muons. A hadron monitor, which is a 5 m long absorber placed
after the decay pipe profiles the residual hadrons in the beam and most
of them stops inside. A muon monitor, profiles the residual muons placed
after the hadron monitor completely stops all the remaining muons such
that we are left with pure neutrino beam.

The neutrino energy is tunable by changing the relative positions of
target and horns as shown in Fig. In MINOS, for getting the best
measure of oscillation parameters, the beam is optimized to run in Low
Energy configuration (LE). It has been found that a increased neutrino
flux is obtained when target is 10 cm upstream and running the horns at
a current of 185 kA.
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Figure 3.5: Configurations of the NuMI beam for the different neutrino en-
ergy spectrum. The relative positions of horns and target for the 3 different
configurations, Low (LE), Medium (ME) and High (HE) Energy [69)].

In the v, mode running the beam consists of 91.7% v, 7% v, and
1.3% (Ve + Ve) while v, mode the beam consists of 39.9% v,,, 58.1% v,
and 2%(ve + Ve) [75]. The simulated v, and v, energy spectra at ND are
shown in Fig. |3.0]
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Figure 3.6: The v, and v, at the Near Detector (a) For v, mode running,
(b) ¥, mode running.

3.2.1 The Data Collection

MINOS has started taking beam data through the years 2005-2012.
In the seven years of running, MINOS has collected a data sample corre-
sponding to 15.6 x 10%° Protons-On-Target (POT). This includes 10.56 x
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10?2 POT of neutrino mode data (v,), 0.15 x 10*° POT were collected in
pseudo high energy (pHE), where the neutrino energy is around 10 GeV
and 3.36 x 102 POT of antineutrino mode data (V). This thesis uses the
3.36 x 10%° POT of antineutrino mode data. Fig. shows the details

of the data collection and Table [B.I] summarizes the details of each run
period.

Total NuMI protons to 00:00 Monday 07 May 2012

Protons per week (E18)
Total Protons (E20)

|
2007/02/01 2007/12/18 2008/11/02 2009/09/19 2010/08/05 2011/06/21 20;‘2/’0{.)5/0 7
Date

Figure 3.7: The total POT of data collect during the time of operation of
MINOS between 2005-2012. Green represents v, running, orange repre-
sents the v, mode running and red is for pseudo-high energy beam.
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3.2.2 Results of the MINOS Combined Analysis

The combined analysis includes the combination of disappearance, ap-
pearance results using the entire beam and atmospheric data set [31].
This analysis is sensitive to the value of #,3, mass hierarchy, octant of
023 and the value of dcp. As all the neutrino experiments are entering
into a precision era, it is very important to know all of the unknowns.
The best fit values of the oscillation parameters for this analysis are
| Am32,; |= 2.3775:8 x 1073 eV? and sin? 6y = 0.437032 for Inverted Hi-
erarchy (IH) and | Am32,; |= 2.347000 x 1073 eV?, sin?fy; = 0.43708% for
Normal Hierarchy (NH).
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Figure 3.8: Multi-panel contour and profile plots from combined fit to
v, disappearance and v, appearance data. Left panels shows showing
68% and 90% confidence limits in (Am2,, sin? fy3) calculated for normal
hierarchy (top) and inverted hierarchy (bottom). Right panels show log-
likelihood profiles for each hierarchy plotted for Am3, (top right) and
sin? B3 (bottom right) [31].
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3.3 The MINOS Detectors

The two functionally identical ND and FD are tracking, sampling
calorimeter detector having alternate layers of steel and scintillator. The
Near Detector is 980 tones and situated at 110 m underground, at this
point neutrino beam is intense and yields 10-15 neutrino event in ev-
ery spill. The FD is 5400 tones and situated 705 m underground (2070
meters-water-equivalent). Neutrino flux at this point is much lower than
Near Detector and about 2-3 neutrino interaction happens in a day.
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Figure 3.9: The schematic representation of the MINOS detector plane,
the alternating plane configuration required for 3-D reconstruction and
the beam direction is shown [76].
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Figure 3.10: The detailed view of the MINOS scintillator strip, when MIP
(minimum ionising particle) pass through the scintillator photons are pro-
duced, which then collected in wavelength shifted cable and transported
to the photomultiplier tube at the edge of the detector [76].
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3.3.1 The Near Detector

The Near Detector consists of 282 steel planes of 2.54 ¢cm, in which first
120 planes have scintillator mounted on it and in these 120 planes, every
fiftth plane is fully covered with the plastic scintillator and rest of them
are partially covered around the beam axis. Rest of the planes out of 282,
every fifth plane is fully covered with scintillator and these part of detector
is called spectrometer region. The plastics scintillator is 1 cm thick and 4
cm wide strips. The strip direction in every plane is in an alternating way
(orthogonal to each other) which allow to do a 3-dimensional reconstruc-
tion. The fully instrumented section of the detector used to study the
hadronic shower energy measurement, whilst the partially instrumented
spectrometer region is purely for muon tracking. The entire detector is
magnetized with a magnetic field of 1.3 T, which helps to distinguish the
positively and negatively charged particles.

29m

38m

4.8 m

Figure 3.11: A typical ND partially instrumented plane. The shaded grey
color represents the covered scintillator portion. For a fully instrumented
region the plane is fully covered with scintillator plane. The center dia-
mond shows the coil and the dark circle represent the beam center [76].
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O G
Figure 3.12: The different configuration of scintillator strip module on the
Near Detector plane [76].

3.3.2 The Far Detector

The Far Detector consists of 486 octagonal steel planes, which are 8 m
edge to edge. The Far Detector is divided longitudinally into two super
modules and the cosmic ray event rate is around 0.5 Hz at this depth. The
Far Detector has series of scintillator plane which is placed horizontally
over the detector (veto-shield), which helps to identify the cosmic ray
muons. The Far Detector’s magnetic field is 1.4 T, each plane is fully
covered with 192 scintillator strip.
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Figure 3.13: Near Detector at Fermilab (left) and Far Detector at Soudan
Underground Laboratory at Minnesota (right).

3.3.3 The Calibration Detector

The calibration detector is a prototype detector, which helps to mea-
sure the absolute energy response of the MINOS near and Far Detec-
tors. The calibration detector consists of 60 steel planes of dimension
2.5 cm x 1 m x 1 m. This detector was operated during the period 2001-
2003 at CERN using the different particles (7, u*, e*, p) of ranging en-
ergy 0.2-10 GeV from the CERN’s Proton Synchrotron accelerator.

3.3.4 The Magnetic Field

The MINOS detectors are magnetized. Magnetic field is used to iden-
tify the charge of muon coming out of the neutrino interaction thus able
to distinguish neutrinos and antineutrinos. Each detector is magnetized
using current carrying coils which passes through a hole cut in the detec-
tors. The FD coils has 190 turns, which is made from Teffelon-insulated
stranded copper wire and uses a current of 15.2 kA. This can produce an
average toroidal magnetic field of 1.3 T.

For the Near Detector the coil hole is situated 55.8 cm offset from the
centre of the detector. The detector plane is placed in such a way that
the beam centre is half way between the coil hole and left vertical edge
of the detector, this avoids lot of track going through the coil hole. Due
to the different shape of the ND (squashed octagon) a current of 45 kA is
required to achieve the required field [76].
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Figure 3.14: Near Detector magnetic field map (left) and Far Detector
magnetic field map (right). The grey scale strength of the magnetic field
is calculated by finite element analysis using 3D models. Figure taken

from [76].

3.4 Data Acquisition and Trigger System

The data acquisition system (DAQ) for Near Detector and Far Detec-
tor are functionally identical. System consists of appropriate front-end
software accommodating the differences in the front-end electronics of the
two detectors. The DAQ system is designed to continuously read out the
front-end electronics in a un-triggered, dead time free manner and transfer
the data to computers where the built in software algorithm selects the
events of interest and perform monitoring and calibration tasks [77].
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Figure 3.15: A Schematic representation of the Far Detector DAQ system.
Figure taken from [77].

Though the DAQ reads the data continuously, it writes to the disk
only under some particular conditions(trigger). The ND is triggered by
the beam spill from the accelerator at Fermilab. The Far Detector cannot
be triggered by the spill since it is not at Fermilab. The Far Detector
receives the GPS timestamp of the beam spill from the Near Detector via
the internet. The Trigger Processors (TP) in the DAQ system perfumes
number of processing task on a time frame of data and also applies soft-
ware triggering algorithms to locate the events of physics interest. The
output from a trigger is called a snarl, can gather multiple events (espe-
cially the spill trigger). The primary triggers used in MINOS fall into three
categories: special triggers for debugging and calibration, bias-free trig-
gers based on spill signals or spill times to gather beam events and triggers
based on the clustering of hits in the detector to gather out-of-spill events.

1. Spill triggers : At the ND, each digitization that occurs within the
spill gate is tagged by front-end electronics. These are identified and
extracted and output as a single spill event.

2. Remote spill trigger : At FD, a direct spill trigger is not available,
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the ND GPS system is used to generate the timestamps of all the
signals and transfer to FD via internet.

3. Fake remote spill trigger : These fake spill times are also generated
randomly between the actual spills to provide random sampling of
the detector activity.

4. Plane trigger : This is used to write out events when M detector
plane in any set of N contiguous planes contain at least one hit. For
physics analysis M = 4 andN = 5.

5. Energy trigger : This is used to write out events when M contiguous
plane of the detector have summed raw pulse height greater than E
and total of at least N hits in those plane. Nominally M =4, F =
1500 ADC and N = 6.

6. Activity trigger : This requires N plane should have activity across
the detector, typically N = 20.

7. Special triggers : There are additional triggers which used for the
electronics and detector calibration or debugging.

3.5 Interactions in the MINOS Detectors

The MINOS detector gives different topology for the different type of
interaction, the most common interaction that happens in the detector
when a neutrino interacts is Charged Current (CC) v, event. The CC v,
events are very important for the precise measurement of v, disappear-
ance. The other type of interaction which is common in the detector is a
Neutral Current (NC) events, which is important for studying the sterile
neutrino search as well as to understand the background for other inter-
actions. The other category of event is v, CC, which is important for the
appearance analysis and measure of the mixing angle 6,3.

3.5.1 Charged Current v, Interactions

The v, CC interaction happens when a neutrino interact inside the
detector and exchange W¥ boson, the signature of these kind of events in
the detector are long u track along with a hadronic shower. In MINOS a
1 GeV muon typically travels across 25 planes, the long track muons are
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the key feature of this kind of interaction. Comparatively a large portion
of the short tracks are part of NC interaction and those are the main
background for this type of interaction.
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Figure 3.16: Feynman diagram for a v, CC interaction (left). The corre-
sponding reconstructed event in the MINOS detectors, a long muon track
is clearly visible. The dots represent the reconstructed position of the
scintillator strip with different energy deposition (right).

3.5.2 Neutral Current Interactions

Neutrino neutral current interactions are the weak interaction medi-
ated by Z° boson. The characteristic feature of NC events are hadronic
shower in the detector, along with an outgoing neutrino which leaves the
detector.
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Figure 3.17: Feynman diagram for a NC interaction (left). The cor-
responding reconstructed event in the MINOS detectors, the hadronic
shower is clearly visible. The dots represent the reconstructed position
of the scintillator strip with different energy deposition (right).
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A typical NC event in the detector deposits 1 GeV of energy with an
average of 10 hits in the scintillator strip. The cross section of NC events
are identical for three active flavour neutrino and the NC event rate in
the detector are not affected by the standard three flavour oscillation. So
any observation of deficit in the NC events in the Far Detector could be
a hint for a fourth type of neutrino.

3.5.3 Charged Current v, Interactions

The v, CC interaction gives compact electromagnetic shower surroun-
ded by a sparser hadronic shower in the detector. The source of v, CC in
the MINOS detector are, the “intrinsic v,”, (interaction of v, coming from
the beam 1.8% in v, and 1.9% in v, mode) and the v, which is oscillated
from the v,. The intrinsic v, events are having higher energy than the
appearance V.. For the appearance v, the energy peaks around 1.4 GeV
which is associated with the maximum of v, oscillation in the MINOS
baseline. The main background for the v, events are the NC events. The
granularity of the MINOS detectors are not designed to select these type
of events and a special algorithms were used to select the v, events [7§].
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Figure 3.18: Feynman diagram for a v, interaction (left). The corre-
sponding reconstructed event in the MINOS detectors, the signature is
a compact electromagnetic shower. The dots represent the reconstructed
position of the scintillator strip with different energy deposition (right).

3.6 The MINOS+ Experiment

The MINOS experiment has been operated for 7 year starting form
2005 to 2012 April. The MINOS detectors are still functioning in the
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NOvVA era in the medium energy NuMI beam [79]. The energy of the
neutrino spectrum in MINOS+ is around 6 GeV both for v, and v, also
the beam composition is different [23]. With this higher energy and in-
tense neutrinos MINOS+ will able to collect more neutrinos events, 10000
v, CC and 3000 NC events in the first three year of running. MINOS+
will probe different physics with the more statistics data, which includes
sterile neutrinos search, search for extra dimension, non-standarad neu-
trino interaction etc. All new physics results will be adding valuable input
to the upcoming neutrino programs.



Event Reconstruction, MC
Simulation and Calibration

The MINOS detectors record neutrino interactions from the NuMI beam
spills, muons induced interaction in the surrounding rock and the cosmic
ray muons whose tracks have traversed the detector volume. Neutrino
events are reconstructed using low level detector hit information (topol-
ogy) and timings to produce muon tracks and hadronic showers which are
then combined to get the complete information of the neutrino interac-
tion. The primary signature of CC v, interaction in the MINOS detector
is the presence of a muon track with a contained vertex. Event reconstruc-
tion proceeds by taking candidate reconstructed objects and passing them
through an ordered set of algorithms whereby an event is successively re-
constructed. The reconstruction strategy is outlined and described in this
chapter.

4.0.1 Digit Formation

The raw data (or MC simulation) in a particular time window are
converted into a digitized measurement of pulse height from the recorded
scintillation light by the read-out electronics. Each digit contains infor-
mation about the timestamp and the list of possible strip ends associated
with it. The Far Detector and Near Detector spectrometer regions are
multiplexed, so that a demultiplexing algorithm is required to identify
which out of eight (FD) and four (ND spectrometer region) strip end as-
sociated with the scintillation light [80]. The Far Detector reads out from
two ends, so, the algorithm finds the digit combinations such that the two
digits are identified as coming from the same strip.

75
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4.0.2 Strip Formation and Slicing

Strip objects are those digits which represent a single energy deposi-
tion in the scintillator strip. The strip objects are formed by combining
the digits recorded and originating at same time from each end of the
scintillator strip at Far Detector and from the single end in the Near De-
tector. In the Near Detector multiple neutrino interactions happen per
spill, because of this reason it is very difficult to separate individual show-
ers and events. To simplify the reconstruction process at ND, the snarl is
divided into slices. A slice is collection strips which are temporally and
spatially close and likely to be originating from a single neutrino interac-
tion. In the calorimeter region the strips having charge deposition greater
than two photoelectron with time difference smaller than 20 ns and a to-
tal time window of less than 300 ns are typically formed into slices. If
the slice formed with two strips are spatially separated by more than 1 m
in longitudinal direction, then it is split into two slices. The calorimeter
strip with less than 2 photo electron and spectrometer strips are combined
into a suitable slice using the timing information. For FD, the snarls are
divided into slices, but in Far Detector typically one event occurs in a
spill.
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Figure 4.1: One beam spill observed in the Near Detector. Neutrinos are
incident from the left and only the upstream section of the detector is
shown. Grey vertical bars indicate the scintillator coverage. The timing
and topological pattern of hits in the detector has been used to reconstruct
and select an event containing a 5.6 GeV muon and a 2.6 GeV hadronic
shower. Beam’s eye view of the detector is shown in (b), along with
the reconstructed horizontal and vertical positions of track hits in each
detector plane. Figure (c¢) shows the detector signal as a function of time,
with signals from the selected event shaded [81].

4.0.3 Track Reconstruction

After splitting the snarl into different slice, the next step is to apply
the track finding algorithm. Hough transform algorithm is used to find
the track segments consisting of several hits in an approximate line across
the detector [82]. A track finder is used to join the segment and form
a “seed track” These seed tracks are basic structure of a muon track.
Kalman filter algorithm is used for the track fitting [83-86]. Kalman filter
is a recursive equations that enables the state of a dynamical system to
be estimated from a series of incomplete and noisy measurement. Kalman
filter moves forward and backward along the track and estimate the state
of muon at each point along the track. Kalman filter takes into account
the effects such as noise and multiple scattering in the calculation. It also
includes the information about the curvature in the magnetic field. The
Kalman filter updates the state vector of the muon after the two passes
of the fit. The state vectors contains the full information about the track
at detector the plane and it specifies the transverse positions (u and v) of
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du dv
the muon, transverse direction of muons (— and — ) at the track vertex,

dz dz
the reconstructed ratio of charge sign to momentum ¢/p as determined

from the curvature of the track in the magnetic field and the uncertainty
associated with the vertex ¢/p(c(q/p)) is extracted from the final noise
covariance matrix at the track vertex.

For the track which ends in the detector, a second, more accurate
measurement of momentum is obtained from the range. This measurement
has a resolution of 4.6% and used for all tracks that do not exit the detector
or end in coil hole region. This particular task is performed by a swimmer,
which swims the muons backward along the track from the track end to the
beginning and summing the energy deposited in the steel and scintillator
using the GEANT3 [87] simulation.

4.0.4 Shower Reconstruction

The shower energy is reconstructed from the clusters of strips that
are localised in space and time. Hits which are part of muon track and
have deposited energy more than a muon would have deposited are added
to the shower after the muon part is removed. Only hit with energy
deposition more than two photoelectrons are considered since low pulse
height regions are difficult to model. It is also difficult to reconstruct
showers from the topology of the event as the granularity of the detector
is too coarse. In MINOS, we calculate the shower energy in two methods
which are described below.

The shower energy is calculated by summing the energy deposited by
all of the constituent hits (the energy deposited in the steel is recovered).
This method is called calorimetric shower energy calculation. The reso-
lution of this method for hadronic shower is 56% /v E @ 2% and for the
electromagnetic shower it is 21.4%/v'E @ 4% [76]. The other method to
calculate the shower energy is using a k - nearest neighbour (kNN) algo-
rithm. The kNN algorithm is a multivariate neural network technique,
which improves the energy resolution of the showers. It makes use of the
border range information and also the information from the events as a
whole. The kNN reconstruct the shower energy using the amount of de-
posited energy as well as the spatial distribution information of energy
inside the shower [88]. For a D - dimensional kNN, a set of D input vari-
able are considered, which characterizes the properties of shower energy



Shower Reconstruction 79

and correlate with the true energy.

The required elements for the kNN algorithm are the training set, vari-
ables to build multi-dimensional feature, the number of nearest neighbour
and energy correction function. Every event whose energy is to be cal-
culated is compared with the training set and k closely matching events
are picked up. The number of nearest neighbour k is the only adjustable
parameter once the variables are selected, as k increases the accuracy of
the measurement also increases as more neighbours add more informa-
tion. The definition of “nearest neighbours” is in terms of the Euclidean
distance between points, where the input variables x; is the Monte Carlo
events whose true parameters are known and y; is the events which we are
looking for, the squared distance between the two is given by,

D )2
Ast =y Wiz o) (4.1)
=1 i

where, o; is the standard deviation of the variable. The normalization by
the standard deviations is necessary to ensure consistency in the scales
of the variables. Otherwise the distance metric would be dominated by
whichever variable varied over the largest range. The scale differences can
easily be large since the variables are not necessarily in the same units.
The shower energy is estimated by finding the k closest training events
in the D - dimensional space formed by the input variable. The output
estimate of energy is the mean true shower energy of these events. The
input variables are optimized for getting the best oscillation results and
the input variables are listed below,

e Sum of the energies of the first two showers in the event.

e The number of distinct detector planes that contain hits from this
shower.

e Sum of the energies of all showers with vertex within 1 m of the
track vertex.
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Figure 4.2: Cartoon of the kNN algorithm. Training points neighbouring
the input point (the star) and their selected energies (represented by the
diameters) are averaged.

4.0.5 Formation of Event

At the final stage the neutrino events are reconstructed by combining
the reconstructed track and reconstructed shower. Event object is the
sum of the vertex shower and most energetic track. The track with clearly
defined vertex is one of the condition to get the v, and v, CC events,
which we use for the disappearance analysis.

4.1 MC Simulation

The MINOS MC simulation is a multi-stage process. The two detector
design of the experiment greatly reduces the analysis dependence on the
simulation, but still it is very important to simulate the data events as
accurate as possible. The chain of MC simulation starts with the pre-
diction of neutrino flux from the NuMI beam using the FLUGG Monte
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Carlo generator [89H9T]. This package incorporates a geometry modelled
by GEANTS3 [92] based on a GNUMI framework into FLUKA [93] simu-
lation, which simulates the interaction of protons on target (hadron pro-
duction), propagation of the particles, re-interaction of the particle and
the decay of the particle in the decay pipe volume. The simulation begins
with the production of mesons by the proton beam on the target. These
mesons are propagated through the magnetic horns, decay pipe and all
other components at the downstream part of the NuMI. Every neutrinos
produced by the hadron decay are stored and later used to simulate the
neutrino interaction. The probability of neutrinos which reaches in the
detector can be calculated based on the position and momentum infor-
mation of the neutrinos produced. Every neutrinos are forced to go to
the detectors with a weight calculated using the probability to actually
do so. The resulting neutrino flux is then pass into the MINOS detector
simulation.

Neutrinos produced from the flux are sampled using a technique called
“importance weighting” to reduce the number of low energy particles pro-
duced. The simulation produces too many low energy mesons than high
energy mesons, so it is difficult to collect a high statistics of higher energy
mesons. To increase the higher energy events, a 1 GeV tracking threshold
is imposed on the mesons, since these mesons produce neutrino energy of
approximately 500 MeV or lower, which is the lowest energy neutrino that
the MINOS detectors are sensitive to. Even after the threshold imposed
there are still too many low energy particles survive. To reduce the space
required on disk and speed up the computation process, the pions with
less than 30 GeV are importance weighted. After all, the low energy par-
ticles which are having energy lower than the threshold are discarded and
a weight greater than one is given to the rest of the particles, so that the
the total flux after the reweighing remains the same. Then the weight is
given by,

30 GeV

Sk (4.2)
arent | Ptotal |

W = Wp
where, Wparent is the importance weight of the particle’s parent(initial
protons are assigned a weight 1) and P, is the total momentum of the
particle.

The neutrino interactions are simulated using NEUGENS, it is a widely
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used neutrino interaction generator that produces complete final state par-
ticles in a neutrino-nucleus interaction from energy 100 MeV to 100 GeV.
The Fermi gas model with some modification for nucleon-nucleon [94]
correlation is used as the nuclear model. The cross section model that
NEUGEN uses are quasi-elastic scattering (QE) [05], resonance produc-
tion(RES) [96], coherent pion production [97] and deep inelastic (DIS)
scattering. The hadronisation model used in NEUGEN is AGKY model
[98]. This model has two components, at the high hadronic invariant mass
it use PYTHIA/JETSET [99] and the low invariant mass component uses
a KNO model [I00]. The intranuclear rescattering as the particle leaves the
nucleus are taken into account in NEUGEN using INTRANUKE model
[T0T]. To simulate the underlying physics, the resultant events from the
simulation are passed through GEANT - 3 based detector simulations.
Then the particles are transported through the detector geometry and
calculates and store the energy deposition by strip to strip. After the
energy deposition, a Photon Transport program calculates the number
of photon in the scintillator based on the energy depositions and these
photons are then transported through a wavelength shifting (WLS) fiber
onto a PMT cathode where photons are converted it into photoelectrons.
At this stage simulation take into account of the behaviour of PMT and
electronics including the nonlinearity, cross-talk, trigger etc. This helps to
include the best knowledge about the light levels, attenuation, gain and
non-linearity in the simulation. When we generate the MC, a particular
date during the data taken is assigned, so that the calibration constant
from those dates and time are properly applied. Later when calibrations
are reapplied and each MC is re-calibrated using the same data that was
used to produce it. At this point, the simulation is similar to the real data
and both are handled in the same way.

4.2 Calibration

The MINOS calibration is a multistage process in which the raw pulse
height is converted into a corrected signal. The calibration corrects for
the scintillator light output variations as well as non-uniformities of light
transmission, collection in the fibers, PMTs, and readout electronics. Cal-
ibration uses a optical light injection system which measures the response
of the read out system and cosmic muons, which measures and corrects

for the scintillator response. The raw pulse height Qg 4  q in strip s, po-
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sition x, time ¢ and d detector is converted into a corrected signal Qcorr
by applying a multiplicative calibration constant from each stage. It can
be expressed as,

QCOI"I" = Qraw X D(d, ZL,) X L(d, S,Qraw) X S(d,s,t) X A(d,S,l’) X M(d)
(4.3)
where, D - is the drift correction to account for scintillator response, PMT
and electronics response changing with temperature and age (drift cali-
bration).
L - The linearity calibration constant which linearizes the response of each
channel with pulse-height (linearity calibration).
S - This is the strip-to-strip constant which accounts for the differences in
strip to strip and channel-to-channel response (strip to strip calibration).
A - The attenuation correction, which describes the attenuation of light
depending on event position along each strip (attenuation calibration).
M -The overall scale factor which converts the corrected pulse height into
the same absolute energy unit for all detectors (inter-detector calibration).

4.2.1 Drift Calibration

The drift correction D(d,t) is measured daily by determining the me-
dian response of the detector to atmospheric muons and comparing that
to a reference date. The magnitude of the drift correction is set by a
combination of competing effects, the gains of the photo-multiplier tubes,
which typically increase over time and the light-level incident at the PMT
which typically decreases over time. The overall light-level is affected by
the light production in the scintillator, the transmission efficiency to the
wavelength shifting fibers, attenuation in the fibers and the quantum effi-
ciency of the photocathode. Over the complete MINOS data set, the gains
have increased by approximately 20% and the light level has decreased by
25% and we have,

Median response(d, t¢)

D(d,t) = (4.4)

Median response(d,t)
4.2.2 Linearity

The linearity correction accounts for the non-linearity in electronics
response as a function of ADC pulse height and it is determined from
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information obtained using the Light Injection (LI) system. The LI system
pulses each strip over a range of intensities to obtain corrections.

4.2.3 Strip to Strip calibration

The intra-detector calibration S(d, s,t) removes differences in response
from channel to channel and it is performed using atmospheric muons.
The strip to strip calibration accounts for the the serval detector effects
like scintillator light yield, wavelength shifting fiber collection efficiency,
differences in attenuation in the optical fibres, PMT quantum efficiency
and PMT gain etc. Channel-to-channel variation is around 30% and is
approximately due to equal parts (20%) variation in light-level and varia-
tion in the PMT gain. This calibration reduces a nominal 30% variation
across channels to below 5%. This calibration relates the mean response
of the each strip end to the detector average and the calibration factor is
given by,

Mean response of the detector (d, t)

S(s,d,t) = (4.5)

Mean response of the Strip end (s,d,t)
4.2.4 Attenuation

The attenuation correction A(d, s, z) for each strip is determined by
mapping the response to atmospheric muons as a function of position
along the strip. The data fits well to a double exponential and agrees well
with earlier test-bench corrections using radioactive sources. The response
along an individual strip varies by factor of two and three in the Near and
Far Detectors, respectively and the statistical variation along the strip
after the attenuation correction is less than 2%. The calibration constant
is given by,

A(d, s,2) = Aye/Fr 4 Aje=o/t2, (4.6)

Where, x is the length along the strip and L, L, are two attenuation
lengths. A fit is performed in each strip and resulting parameter are used
to correct the data.

4.2.5 Relative Energy Calibration

The absolute energy scale of the detectors is determined by measuring
the response of the detectors to stopping muons (after the above calibra-
tions have been applied). A segment of muon track with small dF/dx
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variations is chosen to measure the response. The measured response is
expressed in terms of a energy unit, called the Muon Energy Unit (MEU).
This is a response to a well defined energy depositions at each detectors.
The uncertainties in the MEU results in a total 2.1% uncertainty in the
relative energy scale between the Near and Far Detector. The Near and
Far detectors uncalibrated and calibrated response are shown in Fig[4.3]
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Figure 4.3: The response in MEU for the a) Near Detector and b) Far
Detector as a function of time, as measured using cosmic data, before
and after applying calibration corrections. Fach point corresponds to one
month of data and is normalized to the mean MEU value for all run
periods. The calibrated MEU value over time is stable to within 0.5% for
Near Detector and within 1.5% for Far Detector.

4.3 Absolute Energy Scale

After all the calibration procedure is done, the Near and Far Detector
response are expressed in terms absolute energy scale. Once the abso-
lute energy scale is known the energy response for different particles, like
electron, muons, hadrons of certain energy can be determined. CalDet
detector which is exposed to the various test beams in CERN is used to
measure the absolute energy scale. CalDet measured the response of dif-
ferent particle like electrons, pions, muons, and protons of both charge
signs with momenta ranging from 200 MeV to 10 GeV. As we know the
momentum, charge of the particle prior to the measurement we can use
this data to compare with the GEANT3 detector simulations.
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Figure 4.4: MINOS calorimetric response to pions and electrons at three
momenta. The calorimeter-signal scale is in arbitrary units. The data
(open symbols), obtained from the calibration detector exposure to CERN
test beams are compared to distributions from Monte Carlo simulations
[76].

The range of stopping muons (p < 2.2 GeV/c) was modeled to bet-
ter than 3%, thereby benchmarking the combined accuracy of the muon
energy loss treatment, beam simulation and beam momentum. The sim-
ulated detector response to electrons agreed with the data to better than
2% [117]. Pion and proton induced showers were reproduced to better
than 6% accuracy with the GCALOR [I18] simulation. The energy reso-
lution was adequately reproduced by the simulation and parameterised as
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56%/vVE @ 2% for hadron showers and 21%/vVE @ 4% for electromag-
netic showers, where the energy F is in GeV. A summary of the MINOS
calibration procedure is shown in Fig [4.5

Why? How?

PMT + Electronics Non-Linearity,
Drift (Electronics, Scintillator, etc.)

(A) -- Light Injection (Linearity)
(B) =- Cosmic Muons (Drift)

Inter-Strip (Yield, WLS Fibre, (C) -- Cosmic Muons
Cables, Connections and Gain)

(Dn) = Cosmic Muons (Near)

Transverse Position (Attenuation,
( (Df) -- Mapper Data (Far)

Mirror and End Effects)

Inter-Detector Energy Scale (E) -- Cosmic Stopping Muons

Figure 4.5: Each step corresponds to a correction factor in equation
The correction from raw pulse height (ADC) to SigLin applies the linearity
calibration, L and drift correction D, from SigLin to SigCor the strip-to-
strip calibration S, from SigCor to SigMap the attenuation correction A
and finally the absolute energy scale calibration M to convert the raw
signal into the standardised energy unit MEU. Figure is taken from [119].






Absolute Energy Calibration of
MINOS Detectors

Absolute energy calibration is the final stage of the MINOS calibration
chain. It refers to the calibration of absolute scintillator response to a
known energy deposition and this is achieved using a particle of known
energy. In the MINOS detector sites we do not have particles of known
energy. But we have number of other sources at the detector to achieve it.
One method is to use the Michel electron from the muon decay or using
the reconstructed 7° mass and setting their energy response. In MINOS
detectors it is not possible to use these particles because of the granularity
of the detector is not too good to identify these particles.

Using the MINOS calibration detector we have measured detector re-
sponse using the beam of particles with known energy from the CERN PS
accelerator and the values obtained are then used to tune our Monte Carlo
(MC) response [102]. In the MINOS detectors, the absolute calibration of
the scintillator response to an energy deposition in GeV is achieved using
the relative calorimetric energy measurements of the stopping muons and
the MC simulation. The absolute energy deposition per plane of scintilla-
tor in GeV can be calculated using the energy deposited per plane (dE/dx)
information and the known scintillator thickness. The momentum of the
muons can also be extracted from the (dE/dz) information.

5.1 Relative Energy Calibration

Stopping muons are the standard candle for MINOS which allow us
to measure the relative calorimetric energy response accurately. The rel-
ative energy calibration is performed by normalising the response of the

89



90 Absolute Energy Calibration of MINOS Detectors

three detectors (Calibration detector, Near and Far detectors). Stopping
muons are used, because these are the type of particles that have the most
accurately known energy at the MINOS detectors.

In order to use muon for the relative energy calibration it is necessary
to know the muon energy accurately since (dF/dx) changes as a function
of momentum. The stopping muons with a given track length gives the
same response in the MINOS detectors. The determination of muon rel-
ative energy calibration by the measuring momentum of muon through
it’s range measurement is expected to have a relative accuracy of only 2%
between the MINOS detectors. Given that the relative calibration has to
be accurate better than 2%, this dependence on the stopping muon range
measurement is not acceptable.

The inter-detector calibration in MINOS is expressed in terms of Muon
Energy Unit (MEU). To within the errors of the calibration and the scin-
tillator thickness, 1 MEU of measured detector response corresponds to
the same quantity of energy deposited in the scintillator at all MINOS
detectors. The exact definition of a MEU is given in (Equation. 5.3). As
a rule of thumb, 1 MEU is equals to the detector response when a 1 GeV
muon traversing perpendicular to one plane of the scintillator.

5.1.1 Calculation of MEU - Track Window Method

The track window method is used to calculate the MEU numbers. In
this method, we choose the stoping muons track and create a window
where (dE/dz) is a constant. For that, it is necessary to consider how
the (dE/dx) varies with momentum. The (dE/dx) of a 1.5 GeV muon
increases by approximately a factor of two in the last 10% of its track,
where as in the other 90% of its track the (dE/dx) changes only by ap-
proximately 8%. This technique measures the response of muons only
when their energy is approximately between 0.5—1.1 GeV. The ionization
energy loss i.e., (dE/dx) for MINOS detectors is described by,

dE o Z 1 [1. 2m.e?B*v*Tran
——=Kz"——|=zIn
dx ApB?|2 12

J

where Ze, Sc and v respectively are the charge, velocity and relativistic
gamma factor of the incident particle. T4, is the maximum kinetic en-
ergy which can be imparted to a free electron in a single collision and Z /A,
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A and ¢ respectively are the ratio of the charge number to the mass num-
ber, mean excitation energy and density effect correction for the material
traversed by the incident particle. The constant K = 47N r?m.c?, where
r. is the classical electron radius, N4 the Avogadro number and m.c? is
the rest energy of the electron.

The size of track window used to do the MEU calibration is 83 cm wide
(or 14 planes traversed perpendicularly, i.e, 14x5.94 = 83 cm of material)
and the window is positioned 95 cm (16 planes traversed perpendicularly,
i.e. 16x5.94 = 95 cm of material) from where the muon is stopped, this
is represented in Fig. Once the end position is calculated we can sum
over the planes in the window and calculate the MEU using the relation,

1 Xog,

MEU:ﬁzLi

P n=1

(5.2)

where S; is the detector response (signal in intra detector calibrated unit),
L; is the path length in the plane and it is summed over all the planes
(N,) in the track window, in general N, <14 planes (depends upon the
steepness of the track). The above equation is the response to one single
muon. In order to avoid the statistical fluctuations and to get a correct
estimate of the MEU, it is calculated using a large number of muons (V)
and the possible centroid is obtained, where the centroid are mean and
median of the distribution. Here the MEU is taken as the median of the
distribution, i.e.,

1 Xeog, 1 X og, 1 Xeog,
MEU = Median| | — =1, = =1 ,...,|—= —
((Np;Li>1 (Np;Li)Q (N ZLi)N)
(5.3)

P n=1
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Figure 5.1: The track window used for the MEU calibration

5.1.2 Far Detector Performance Over Time

The MINOS Far detector has started operation in 2003 and for the last
several years we have been taking data, during this time it is very likely
to be a change in the detector response because of various reasons. So,
it is useful to examine the MEU as a function of time to ensure that the
calibration procedure is stable and able to account for the aging effects of
the detector components. In the case of Far Detector we use only cosmic
muons for the MEU calculation since the beam muon statistics is not
enough to calculate the MEU. The time dependence of the FD MEU is
shown in the Fig[5.2] and from that we can see that the MEU is stable to
within 1.5%. The plots shows the stability for the new MINOS+ run era
starting from September 2013.
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Figure 5.3: Far Detector MEU as a function of plane number, as measured
using cosmic data. Individual runs outside of the run period boundaries
were removed.

5.1.3 Near Detector Performance Over Time

In the Near Detector we can use both beam and cosmic muons for the
MEU calculation. The response is stable with in 0.5%. Beam muons and
cosmic muons are used to find the absolute energy response. The Near
Detector started operation in 2005.



Near Detector Performance Over Time

95

_Ne'ar Detector U Planes ' 1

[ MINOS+ Preliminary

2|
= T £ 1.2
Eo Smps 1 glER- 1 TEERE A
4 “wBiegagl 1 " - - =
LE L= = 0.8
-2f Pre-Calibration + Mid-Calibration Post-Calibration
0 i 2 ER— 1 z 3 i z 3
X (m) X (m) X (m)
o Near Detector V Planes E ' I I MINOS+ Préliminar&(
1 = n. i - 1.2
i g . = u
£ = - 1 - -
=9 rlf# B = | '
- i 1 - -: == =
= 0.8
2F Pre-Calibration T Mid-Calibration Post-Calibration
0 3 2 ER— 1 z 3 j z 3
X (m) X (m) X (m)
110——m—————r——————— 7
- Near Detector MINOS+ Preliminary ]
@1.05 -
(2] - -
C - .
8- L -
N K} \ b oh ot tou]
©1.00 ' [asm
@ # 4 ]
o [ ]
00.95— -
0.90b b e
) 2013/12/31 2014/07/02 2015/01/01
Date

Det. Reponse (Arb. Unit)

Det. Reponse (Arb. Unit)
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Figure 5.5: Near Detector MEU as a function of plane number, as mea-
sured using cosmic data. Individual runs outside of the run period bound-
aries were removed.

5.1.4 Angular Dependence on Near and Far Detec-
tor

The MEU has a dependence on the zenith angle of the track this is
shown in Fig. 5.6 As can be seen, the dependence is reasonably well
modeled by the MC. To reduce uncertainties in the calibration due to this
dependence, only muon tracks with cosf, > 0.3 are used for the MEU
calibration. After applying the angular correction it can be seen that the
response became flattened or independent of the zenith angle.
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Figure 5.6: Detector response per plane to muon hits in the track window
as a function of track zenith angle. Angular correction has been applied to
remove the cosf, dependence on detector response, and the distribution
gets flattened after applying the angular correction.

5.2 MEU Systematics

The sources of systematic error considered for this calibration study
are spatial variation, Data-Monte Carlo difference and the MEU differ-
ences between the cosmic and spill stopping muon. By default near and
Far Detector MEU calculation utilizes stopping muons extracted from the
cosmic muon data set. The current statistical precision is around 0.05% in
ND and FD. The light level is tuned in the cosmic muon Monte Carlo to
give a MEU similar to that of the data. The level of agreement to the data
is dependent on how the MEU is evaluated. Under the normal approach
defined in Equation. the difference between data and MC is only a few
percentage for the near and Far Detector. Different techniques to extract
the centroid of the distribution of an ensemble of stopping muon events
differ between data and Monte Carlo by 0.05%.
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The calibration chain is designed to remove spatial and temporal vari-
ations in the MEU. The cosmic stopping muon statistics are large enough
that the fiducial volume can be broken down to identify spatial biases
across the detector. For this study the fiducial volume of the near and Far
Detectors have been broken into concentric rings of equal fiducial mass
centered around the beam spot and in four volumes parallel to the beam.
The detector response was found to be more uniform along the z-axis and
the maximum deviation in the concentric rings was 0.73% in the Near
Detector and 0.76% in the Far Detector.

The error arises due to difference in MEU between the spill and cosmic
stopping muons in the data samples are also considered as a systematic.
In section [5.1.4] an additional path-length correction was introduced to
reduce the impact of the radiative component of the muon energy loss.
Even after this correction it was noted that the spill-cosmic MEU differs
by 0.5% in the Near Detector and in the Far Detector we do not have
enough beam muons to compare it. This is a concern as the calibrations
are derived using cosmic muons, but we apply the calibrations to beam
muons. There are other differences between the cosmic and spill data
samples beyond just the angular correction. The cosmic sample is typi-
cally contains positive and negative muons. It has equal probability to be
going forward or backward. The beam muons come from the NuMI beam
are all forward going and are predominantly negatively charged muons in
neutrino mode. The cosmic sample shows no bias in the MEU when cal-
culated using forward or backward going muons, however, it was observed
that the MEU for positive muons was approximately 0.2% larger than it
is for negative muons. This observation is consistent with the previous
muon range measurements study [103].

5.3 Intensity effect on Beamm MEU

MEU is calculated using the cosmic muons, however, the beam muons
are also used in the calculation of MEU and then it is compared with
the cosmic MEU. The cosmic muons do not cause pile up effect thus we
can see one track at a time, but for the beam muons many events can be
occurred in the 10 ws spill window, we have studied the effect of intensity
on the MEU numbers. This studies has been done in both MINOS as well
as the MINOS+ era samples.
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Table 5.1: MEU systematics table

Systematics Near Detector Far Detector

Data/MC difference 0.9% 0.2%
Beam/Cosmic difference 0.05% —

Spatial variations 0.22% 0.84%

Forward /Backward 0.30% 0.04%

ut/u 0.4% 0.6%
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Figure 5.7: MEU as a function of number of events in a snarl, in the
MINOS Near Detector. It is clear that as there are more events in the
snarl, MEU drops. This is studied by splitting the data set into different

month.

In MINOS + era, we have improved our reconstruction in order to deal
with the medium energy neutrino beam, the algorithms were improved to
take into account the pile up and event merging effects. The intensity
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dependence on the MEU value is studied, there is no a clear evidence that
the MEU is decreasing as intensity increases.
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Figure 5.8: MEU as a function of number of events in a snarl, in the
MINOS + era. No clear evidence that MEU is decreasing. This is studied
by splitting the data set into different month.

5.4 Need of Relative Energy Calibration

In order to measure the oscillation parameters (Am2,, sin?(26q3)) ac-
curately a precise energy measurement is needed. The reconstructed v,
CC event energy is estimated as the sum of the muon energy and hadronic
shower energy deposited in the detector. The true energy of the interaction
is given by

E\t/zue — E:ils 4 Evs + E'mmszble (54)

hadronic

where Ef,ﬁ“e is the true energy of interaction, Ef* is the visible muon

energy BV, . isthe visible hadronic shower energy and Evisile invisible
energy, that is the energy absorbed by the nucleus. The visible energy itself
fluctuates significantly in each event, it can be due to the unmeasurable
fluctuation of energy loss occurring at the passive detector components

and also due to the fluctuations in the light amount passing through the
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optical read out system. So the reconstructed energy of the neutrino event
can be significantly different from that of the true energy.
The muon energy resolution is estimated as,

Ou
E,

= 6% (5.5)

T

where E,, is the energy in GeV. The hadronic energy resolution is given
by,
O hadronic o 56%

Ehadronic V Ehadronic

where, E}adronic 18 also measured in GeV. In addition to this smearing,
there can be relative energy scale offset between near and Far Detector in
hadronic energy, given by

(5.6)

near _ far
Ehadronic - (1 + 6) Ehadronic (57)
Epear and EL% . are the measured calorimetric energy in near and

Far Detector and e can be treated as the shift in the calorimetric energy
scale due to the calibration error. A 10% shift in the energy scale can
affect the energy spectra, hence the oscillation parameters. The Fig. 5.9
shows the shift in the energy for a 10% shift in the energy scale. A detailed
description is given in reference [104].
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Figure 5.9: The black dotted line shows the unoscillated energy spectra,
and the green and red are oscillated spectra with oscillation parameter
Am2,=0.0025 eV? and sin? 03=0.95, with 10% shift and with out shift
respectively.

Due to this energy scale shift there can be fractional bias on AmZ, and
sin? 20,3, the fractional bias is defined as

2 2
A7nfit - Amtrue

B(Am?) = (5.8)

Am%?”ue
sin?(26) pir — sin®(260) e
sin®(20) rue

where fit means the value obtained from the fitting and true means once
which obtained from MC truth information.

B(sin? (20)) = (5.9)
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Fractional Am? Bias vs. Energy Shift
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with values of Am? and fixed 6.
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Figure 5.11: Fractional bias for Am? for the spectrum which oscillated
with a fixed value of Am? and different values of 6.
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5.5 MEU Charge Sign Analysis

An experiment at LBNL measured a 0.2% difference in the ranges
of positive and negative muons [I05]. The experiment uses the muons
coming out from the kaon decay with different momenta varying between
500 and 1500 MeV/c. It is observed that the range of the muon with
the positive and negative tracks have a difference of 0.2%. This could be
explained by modifying the Mott scattering to include terms of order €°, a
correction term of (£)maS added to Bethe-Bloch to take into account for
the energy loss, where « is the fine structure constant which would be (+)
for positive muons and (—) for negative muons, which is responsible for
this effect. We also have a good collection of cosmic and beam muons in
MINOS ND, so we can test this effect for ut and u= in different magnetic
field configuration and direction of the muons.

In MINOS to do this study, instead of measuring the range we mea-
sure the MEU. Range measurement is not used here, because of the high
uncertainty of measuring the range, around 2%. The muon energy loss is
given by,

1dE 2mnet {1 (2mp2W
——— = n

2 ) —23% — 6§ — U}, (5.10)

pdr  mc2pf?
where FE is the energy of the particle, p is its momentum and p is its
mass. The dependence on the momentum is removed by choosing the
track window which we use for the MEU calculation and this ensures that
energy of the particle moving in the window changes in a slow rate.

We compare the MEU values for cosmic and beam muons at ND in-
cluding all the stopping muons. We also calculate MEU values for positive
and negative muons individually, as well as with the magnetic field for-
ward and reversed, for muons that are forward and backward going and
for various combinations of these.

To select the negative and positive muons in the MEU sample and to
make the sample more pure we apply a charge sign selection cut. The cut
applied is,

q/p
: (5.11)
o(q/p)
We require U(qq/ /pp) > 1 for positive muons track and U(qq/ /pp) < 1 for negative

muon track. In order to determine if there is any difference in the energy
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loss between positive and negative muons, we calculate a ratio,
MEU*
* T MEU;

where M EUZ is the MEU value for p*(pn™) for a given configuration

z, for example, forward-field (FF') forward-going (FG), reversed-field (RF)

backward-going (BG). The ratios for various configurations are shown in
the table.

(5.12)

Table 5.2: MEU charge sign study table

Ratio ND cosmic data

Ran  1.002934 £ 0.000149
Rpp  1.004479 £ 0.000176
Rrr  0.999073 £ 0.000276
Rrrre  1.000867 £ 0.000292
Rrrpe  1.002806 £+ 0.000416
Rrrre  1.002940 £ 0.000383
Rrrpe  1.001486 £ 0.000277

This tables shows the ratio R, for different field configuration and di-
rection. Statistical uncertainties on MEU values are determined by taking
the error on the median. In order to estimate the overall difference, we
combine the ratios by taking the error-weighted average. Statistical uncer-
tainties are combined in a similar manner and the systematic uncertainty
is estimated by taking the standard deviation of the ratios. For the pur-
poses of these calculations only the four ratios in the bottom of the table
are considered.

o 14— o 14—
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o 1 B o 1 E
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F — u* FFBG /|u” RFBG ] F —u* FFBG / w” RFBG
02? — 1 RFBG | FFBG E 02? — " RFBG / & FFBG E
=2 o0 2 1 2 0 2 1

X (m) X (m)



106 Absolute Energy Calibration of MINOS Detectors

91'4:‘ R .91'4:‘ ]
S12p . B12f ]
2 E > ]
S 0.8- . s 0.8 ]
0.62— 7 0.6- w* FFFG / y RFFG 7
0.4 . 0.4F W RFFG/\TFFFG E
F . F u* FFBG / i RFBG 1
0'2;_ E 0'25_ —u* RFBG / & FFBG E
0 4 o0 2 4
Y (m) Y (m)
o) 1.4: ; ] o) 1.4
812 : 812
a 1;, . D 1*
S 0.8[ E % o0.8f
0.6; | w RFFG , 0.6; — u| FFFG / w RFFG 3
0.4b /W FFFG E 040 — W| RFFG / w FFFG E
F /W RFBG ] F — | FFBG / " RFBG
0'2? / w FFBG E 0'2? — W|RFBG / uw FFBG E
% 10 20 % 0 10 20
Z (m) Z (m)

Figure 5.12: The ratio of MEU for different configuration as a function
of X,Y and Z hit. Near Detector distribution (left) and Far Detector
distribution (right).

The resulting ratio is given as R = 1.00227 £ 0.00013 (stat) + 0.00063
(syst), or R = 1.00227 £0.00065(total). This translates to a 0.23% dif-
ference between positive and negative muon MEU values, consistent with
the 1972 LBNL experiment. The positive muons have a larger MEU than
negative muons.

5.6 Summary and Conclusion

MINOS experiment measures the neutrino oscillation parameters, Am3,
and sin? fy3 by comparing neutrino energy spectrum at near and Far De-
tector. This is achieved by measuring the calorimetric energy. The rela-
tive energy scale calibration between the Near and Far detectors is very
important since we measure the oscillation parameters by comparing the
neutrino energy spectrum at both detectors. The relative energy scale cal-
ibration is done using stopping muons at both detectors. Various factors
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affecting this particular stage of calibration is studied, this includes the
angular correction which makes the beam and cosmic muon calibration
identical, the effect of high intensity and the reconstruction algorithm. A
charge sign analysis is also performed and the measured energy response
of muons and anti-muons is found to be consistent with the theory.






Sterile Neutrino Search using
Antineutrino

This chapter describes the sterile neutrino analysis performed on MI-
NOS v, mode run corresponding to a Proton on Target (POT) of 3.36 x
10%. 1In this beam configuration the neutrino beam components are
39% vy, 59%v, and 2% (v. + V.). MINOS has unique capability of
putting limit on sterile neutrino parameter space over a large region of
Am?, ranging from 10~* to 102 éV2. The analysis uses covariance matrix
as a tool to incorporate the energy dependent systematics in the fit and
this is different from the conventional y* method that MINOS uses [106].
Here we use a x? fit to the Far over Near ratio of the reconstructed energy,
assuming a Gaussian probability distribution.

6.1 Sterile Neutrinos

Sterile neutrino searches have been became a major study of many
ongoing neutrino experiments, if they exist it can have many potential
physics implications. For example, in cosmology sterile neutrinos are im-
portant candidates in many models. There has been evidence for neutrino
oscillations for Am? = 1 eV in the recent experiment like LSND [58] and
MiniBooNE [66] and this anomaly has not been fully resolved yet. In MI-
NOS, we study the simple 341 model, where one additional state is added
to the standard three flavor scenario. In order to describe the four flavor
oscillation, we need additional mass squared splitting, mixing angles and
phases.

109
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6.2 Sterile Neutrinos in MINOS

The 341 oscillation probability for v, — v, with an additional neu-
trino flavor state can be written as [107],

P(vy—=vy) =1 =4 Unp |> (1= | Ups |*)sin® Ay, (6.1)

where Ay; = Am? /4E. Considering the results from the short base-
lines neutrino experiment, i.e, | Uy [*= sin®6yy < 1 and | Uy [*=
cos? 0148in? fyy < 1, and AmZ,/4E < 1, we can expand the v, survival
probability in MINOS to second order in the small angles 63, 014, 624 and

(fo3 — m/4) to get, [107],
P(v, = v,) = 1 —sin®(20,3) cos(20s4) sin? Agy — sin®(26,4) sin® Ay (6.2)

Similarly we can write it for v, — v, to first order in small angles to

get, [107],
1 — P(v, — vs) = 1 — cos 67, cos 03, sin*(Am3,) (6.3)
— Sin2 (634) Sin2(2623) Sin2 A§1

— 1/2sin(da4) cos(fay) sin 2(034) sin 2(6a3)
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Figure 6.1: The probability as a function of L/FE for charged current (left)
and neutral current events (right) for different values of Am?,, the position
of detector is also shown.

Depending upon the mass squared splitting the oscillation can happen
in one of the detectors or in both detector together. For 1073 eV? <
Am?, < 0.1 eV?, there would be an energy dependent depletion at the
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Far Detector and no effect at the Near Detector. In the region where
Am?, ~ 1 eV? Ay > 7/2, at Far Detector a reduction in the event rate
would be observed as sin®? Ay — 1 /2, when the finite resolution of the
detector is considered. As Am?2, increases further, above Am32, > 1 eV?
the oscillation start affecting the Near Detector also and causing more
structure in the exclusion region. All the effects are shown in Fig (6.1l For
the smaller value of Am?2, (below 107 eV?) the sterile neutrino oscillation
dip lies in the same energy region as the atmospheric oscillation dip, and
becomes a degenerate region. The neutral current samples are mainly
sensitive to the angle 034, do4 in addition to 6o4. The CP violating phase has
very small impact in the CC v, disappearance, see Fig [6.2] The sensitivity
from neutral current samples are limited by poor energy resolution. We
included only charged current sample in this analysis.

Ply,—v,)
Ewvents (Arbitrary Scale)
1= Plv, =y}
Events {Arbitrary Scale)

Plv,-v,)
Events (Arbitrary Scale)
1= Plv, vy
Events {Arbitrary Scale)

Plv,—v,)
1-Plv,—v)

Je mnra‘aﬂr; Je (mml%;

Figure 6.2: Shows the probability as a function of L/E. The effect of CP
violating phase for v, disappearance and v, — v,. For v, disappearance
the effect is negligible and there is a small effect in the v, — v,. We
ignore these small effects.



112 Sterile Neutrino Search using Antineutrino

6.3 Data Stability and Preselection of An-

tineutrino Events

MINOS has taken data in v, enhanced mode during the operated runs
between 2009 and 2011 and collected 3.36 x 10** POT of data. These
includes Run IV, Run VII and Run IX data. In order to select pure
Vv, many requirements are necessary. Primary requirement is that the
data quality of the collected events, that is only events collected in good
operation periods of running are taken. The good operation periods are
related to the proper horn and the magnetic field configurations in the
MINOS beam configuration. The data-quality plot is shown Fig
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Figure 6.3: Number of charged current anti-neutrino events per 10%°
protons-on-target(POT) as a function of reconstructed neutrino energy
in GeV. The data are subdivided into calendar months.
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Figure 6.4: Number of charged current muon antineutrino events per 106
protons-on-target as a function of total integrated exposure. The data are
shown for two energy ranges, < 6 GeV and > 6 GeV and are subdivided
into calendar months.

We also have to suppress the atmospheric neutrino background from
our beam neutrino events, to do so, all the events selected should be
with in a window of [-2 us, 12us] respectively to the nearest spill of the
NuMI beam. These atmospheric events can be identified by looking at
the direction of the angle between the track and the beams, because more
vertical events are always atmospheric neutrino events, cosf#, > 0.6 is
used to get the beam data events at the Far Detector. It is also necessary
to make sure that the selected events are completely reconstructed and
track vertices are completely within the detector, that is inside the fiducial
volume of the detector. The fiducial volume definition for Near Detector
and Far Detector are in the following sections.
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6.3.1 Near and Far Detector Fiducial Volume Crite-
ria

Near Detector has a cylindrical fiducial volume, having radius of 0.8
m and 3 m in length, such that

\/(thx — Xo0)? + (Yytx — Y0)? < 0.8 m,
0.81009 m < Zy ¢y — 0.0392 m < 4.07710 m, (6.4)

where Xy = 1.4828 m and Yy = 0.2384 m are the Near Detector coordi-
nates of the coil hole centre at the front face. All the events which are
recorded with a track vertices out of the calorimeter containment, i.e, the
plane before 14 and beyond 68 plane are removed. Total fiducial volume
mass of the Near Detector is 23.7 tons. The Far Detector also has a
cylindrical fiducial volume, with a radius of 3.7 m from the centre of the
detector and 50 cm away from the front and back planes of the two super
modules. The total fiducial mass of the Far Detector is 4.17 kilotons (out
of 5.4 kilotons in total).

6.4 Event Selection Performance

After all the preselection procedure, the standard selector ‘RHC0350Std’
selector, which contains a series of selection cuts in order along with a
charge sign cut which selects all the positive muons. This in turn selects
only the v, CC events. The performance of the standard RHC selector is
shown in Fig[6.5] The definition of efficiency and purity of this CC event
selector is taken similar to that of NC events mentioned in Section B2 of

Appendix

Table 6.1: The wrong sign background and NC contamination

Detector Wrong Sign Background NC Contamination

Near 4.2% 1.95%
Far 4.4% 1.25%

6.5 Previous MINOS Analysis

MINOS analysis generally use the Near Detector neutrino energy spec-
trum to predict the Far Detector spectrum in the case where there are no
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Figure 6.5: Performance of the current RHC CC event selection (the CC
and NC separation variable (rolD) > 0.3 and product of momentum and
charge (gp) > 0) in the ND and FD. The dashed lines shows the contamina-
tion before the selection and the solid shows efficiency and contamination
after the selection.

neutrino oscillations. For the sterile analysis at higher Am3, oscillation
could happen at Near Detector, in that case we cannot use the Near De-
tector spectrum to predict the Far Detector spectrum. In previous sterile
analyses we predict the Far Detector spectrum via a Far over Near ra-
tio method and fit the predicted spectrum with data. The Far Detector
prediction is given by,

FDpred = X N-Ddata' (65)

We take ratio of the oscillated FD MC spectrum with the oscillated ND
MC spectrum and multiply the ratio by the ND data spectrum to the Far
Detector prediction. And a x? minimization is performed to calculate how
well the prediction agree with data. All the systematics are added as a
nuisance parameter. The Poisson x? is given by,

N o N 2
x2:22{ei—0i+0i1nl}+zj2 (6.6)
i=1 i =19

where e; and o; are the expected and observed number of events respec-
tively and second sum represents systematic uncertainties.

6.6 New Analysis Strategy

Since we are looking for the perturbations from the standard three fla-
vor oscillation, systematics have to be fully accounted for. In this analysis
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the systematics are also allowed to vary in the fitting, for this reason we
incorporate the systematics into a covariance matrix, where in previous
analyses this is included as a nuisance parameter in the fit [I06]. We define
the x? as,

Np = Nuc)® | (| Am3, | ~0.0025)°

2 T ~—1 (
— VTl
X L 0.00052

(6.7)

where V' is defined as (D; — MC;) and C~! is defined as the inverse of
the covariance matrix, which includes the sum of the statistical and the
systematics uncertainty. The o%,, accounts for the uncertainty on the
overall rate measured at the Near Detector and it is taken as 50%. The
last term represent a penalty term, which is a small constraint on Am2,
in order to prevent it from varying to unrealistic values and becoming de-
generate with the sterile mass splitting over the whole phase-space. The
total covariance matrix is defined as,

5(Ly, - 0
0 o< 0 N
C = (7)2 , +3 M, (6.8)
: : " : i—1
0 0 o ()

where the first term represents the statistical covariance matrix and sec-
ond term is the sum of all systematics matrices. The elements of the
statistical matrices are the statistical uncertainty on the predicted F/N
ratio. Here the errors are obtained by propagating the ND and FD event
rate uncertainty using standard error propagator.

The oscillation parameters used to make the three flavor fake data are
given in Table

Table 6.2: Three flavor oscillation parameters

Parameters Three flavor value

Am2, 2.46 x 1073 eV?

Am2, 7.59 x 107° eV*?

sin? @5 0.41
sin2(2«913) 0.09

sin2 012 0.318
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6.7 Binning Scheme

The y? distribution assumes a Gaussian probability. To ensure the
Gaussian probability assumption it is required to have a reasonable num-
ber of expected events per bin, otherwise the y? minimization values differ
significantly from the Poisson probability. The binning scheme of the anal-
ysis is chosen such that we will expect minimum of 15 events per bin at the
Far Detector, at this rate the x? minimization between Poisson and Gaus-
sian differ in the order of 1073. The Fig shows the percent difference
between Poisson and Gaussian distribution.
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Figure 6.6: This plot shows the percent difference between Poisson and
Gaussian distribution as a function of the number of expected events in
some arbitrary bin.
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Figure 6.7: Shows the re-binned spectrum for the Far Detector expected
number of events (left) and Far-over-Near ratio (right).

6.8 Statistical Uncertainty

Statistical uncertainty in each bin is calculated from the statistical
covariance matrix created using the F'/N ratio. It is equal to the diagonal
elements in the statistical error matrix. Statistical uncertainty in the Far
and Near detectors are taken as 1/ VN, then this errors are propagated to
get the error on F'/N ratio. The statistical matrices are diagonal matrices
due to the statistical error in bin ¢ being uncorrelated to that of bin 7 and
100% correlated with itself.

ol = (22%)2 (0F)* + (;}3)2 (6N)?, (6.10)

substituting in (6.10), we get,
12 A
2 _ 2 i 2
i = (M) (VEF)” + (Nf) (/i) (6.11)

. I F?
of =zt N (6.12)

Assuming a high rate in ND, the error can be approximated as,

o} = R;/N;. (6.13)
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where N; and F; are predicted number of events in the Near and Far
Detector respectively.
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Figure 6.8: Statistical Covariance matrix (left) and corresponding Error
band on F'/N ratio (right), generated from the covariance matrix.

6.9 Systematics Uncertainties

Various systematic uncertainties have been re-evaluated for this anal-
ysis and these are discussed in the following section.

6.9.1 Hadron Production

To obtain the uncertainty due to hadron production, we fit the MC
differential cross-section for m and K production in pC collisions with a
parametrization based on BMPT. This results in the best fit parameter
values, errors and correlation matrix [I08]. The fit is then compared to
data from NA49 and the parameter errors are increased to cover the data,
while preserving the correlations. This would introduce a large uncertainty
on a single detector experiment but has < 3% effect on F'/N ratio [109].
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Figure 6.9: The error on hadron production on F//N ratio (left). And the
hadron production covariance matrix (right).

6.9.2 Normalisation Systematics

A 1.6% uncertainty in the relative reconstruction efficiency of the Near
and Far Detector is determined by a scanning study.
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Figure 6.10: The error on CC normalisation on F'/N ratio (left). And the
covariance matrix (right).

6.9.3 Acceptance Systematics

The uncertainty on the energy depends upon the acceptance and ef-
ficiency of the ND for CC and NC events. The uncertainty is evaluated
by varying event selection requirements in data and MC to probe known
weaknesses in the simulation [I10]. Any shift in the data-MC agreement
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as the requirements were varied and taken as the systematic uncertainty.
The systematics are energy dependent and include correlations between
different bins. The fiducial volume criteria were varied both parallel and
perpendicular to the focusing plane and along the detector axis. Also
varied the treatment of tracks entering the magnetic coil, the track con-
tainment criteria near the side edges, downstream end of the detector and
the region in which the scintillator sampling changes. The shower energy
scale and tack energy scale is also varied by +10 and —1o0. The acceptance
at Near Detector is defined as,

(data/MC)gpifted

(data/ Mc)nominal

where the nominal ratio is the ratio with standard selection cut and the
shifted ratio is the ratio of modified selection cut. This double ratio is a
measure of mis-modeling in the simulation [I11I]. The remaining system-
atics such as track energy, shower energy, cross section etc, are encoded
in NuSystematics as +1o0, which is used in all previous MINOS analysis.
These systematics, the error bands are construct from the nominal and
shifted far over near ratio and is defined by,

—1 (6.14)

(far/ near)shifted
(far /near)

—1 (6.15)
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Figure 6.11: The error band made for fiducial volume tightening, here
the shifted distribution is constructed by tightening the fiducial radius
from 80 cm to 60 cm, and the ratio with the nominal is taken (left). The
corresponding covariance matrix (right).
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Figure 6.12: Shows the mis-modeling of back exiting tracks. The shifted
distribution is constructed by removing all events with a track ending with
in 10 planes of the end of the Near Detector (left). And the corresponding
covariance matrix (right).
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Figure 6.13: This shows mis-modeling of the spectrometer join region.
The shifted distribution is constructed by removing all events with a track
ending within 10 planes of the start of the spectrometer (left). And the
corresponding covariance matrix (right).
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Figure 6.14: The mis-modeling of exiting tracks. The shifted distribu-
tion is constructed by turning off the containment cut (left). And the
corresponding covariance matrix (right).
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6.9.4 Beam Optics systematics

The uncertainty on the beam focusing is due is to the uncertainties
in the position of beam line elements, proton beam-halo interactions at
upstream of the target and the model of the magnetic horns used to focus
pions. This introduces an uncertainty of < 2% in 4 -10 GeV in the CC
sample with negligible effect at other energies and on the neutral current
samples [I12]. The main source of beam optic systematics are a) Horn
current distribution - MC assumes that the skin depth is infinite but in
reality it is not the case. b) Horn current mis-calibration-uncertainty on
how accurately the horn current is measured. c¢) Horn one offset - this is
the uncertainty on the displacement of the horn along the beam axis.
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Figure 6.15: The beam optics systematics due to the horn current distri-
bution on the F/N ratio.

6.9.5 Cross Section Systematics

Cross Section uncertainties includes the systematics from total CC
cross sections as well as cross section from quasi elastic scattering, baryon
resonance production and deep inelastic scattering. This would be signifi-

cant uncertainty in a one detector experiment but in MINOS it has < 1%
effect on F'/N CC samples [113].
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Figure 6.16: Cross section error band for the value of the axial vector
mass (Ma) for quasi-elastics events obtained by varying it by 1.15 and
0.85 (left). And the corresponding covariance matrix (right).

6.9.6 The Statistical and Systematic Error Band on
F/N
The MINOS RHC sample is statistically limited, hence it is not possible

to observe large variations when we add the systematic uncertainties. The
Fig shows effect of these uncertainty on F'/N ratio.

T T
§ [ MINOS Preliminary ] § [ MINOS Preliminary ]
] 0.5[~ 336x10” POT T, running B I 05| 3.36x10°" POT ¥, running B
© [ ] s [— 1
5 — 5 —
P= = = = o
o o
© L ] © -7
S B . 1
(T ! 1 L .r 1
= -0.5~ CC Total Systematic N > -0.5~ Statistical Error Band N
IS ] < r ]
L L ] w ]
. . . . | .
0 10 20 30 40 10 20 30 40
Reconstructed Energy (GeV) Reconstructed Energy (GeV)
F T T T 3 F ]
251 —— CC FarlNear Ratio 3 250 3
Tk statistical Error E Tk ]
3 2F 4 = 2F 4
ZF 1 R —— CC Far/Near Ratio 1
o F ] o F
2 eb 3 = ef Systematics Error ]
S50 7 S5 E
g F k| g F ]
2 1= 3 2 1 -
L ] N
o5 ] Lo 5~
G’ L L L L L L B E L L L 1
20 30 4 20 30 40

12 3

S

[
1 2 3 4 5 10 15
Reconstructed Energy (GeV)

Reconsivucted nergy (Gev)
Figure 6.17: Statistical and systematics error band and for the F/N ra-
tio. The statistical error dominates due to low statistics in FD for the
antineutrino CC samples.
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6.10 Sensitivity

The addition of the fourth state will introduces more mixing angle,
mass splitting and phases. The additional parameters are a4, 014, 034,
Am3, and the three CP violating phases, 14, d24 and d;3. CP violating
phases are not sensitive to MINOS especially in the charged current sam-
ples, so they are fixed to zero in the fitting, 614 is also not sensitive to
MINOS so its value also set to zero in the fit. During the fit, the pa-
rameters Am§3, Oa3, O34 are allowed to free for different values of 054 and
Am3,. By minimizing the y? from equation , the sensitivity for the
sterile neutrino has been calculated. We also profile the mass hierarchy
and octant of @3 during the fit and pick up the best x? value from this
four combination (two mass hierarchy and two octant). This sensitivity
contour contains only statistical uncertainty on it, we exclude everything
right to the curve at 90 %C.L.
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Figure 6.18: The sensitivity for sterile neutrino at 3.36 x 10?° POT an-
tineutrino optimized mode running. Only CC events with positive charged
track (uT) are used in the analysis.
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6.11 Sensitivity with Systematics

The sensitivity for the sterile searches has been evaluated by the addi-
tion of the total systematic uncertainty, the effect of individual systematics
are studied and the dominant contribution comes from the acceptance sys-
tematics. All other systematics have very small effect on the sensitivity,
this is because our sample is statistically limited. The systematics are
added separately to observe the effect from the individual components.
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Figure 6.19: The sensitivity for sterile neutrino at 3.36 x 10*° POT an-
tineutrino optimised mode running. Only CC events with positive charged
track (u') are used in the analysis. Figure shows the contribution of sys-
tematics effect on the sensitivity

The MINOS sensitivity has been compared with the results from other
experiments, like MiniBooNE and CCFR. As the MINOS is a two detec-
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tor experiment we can do a normalization measurement at Far Detector
rather than a shape only measurement as MiniBooNE has been performed.
CCFR is a two detector experiment running at very short baseline, so es-
sentially sensitive to much higher mass squared splitting.
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Figure 6.20: The sensitivity for sterile neutrino after including all sys-
tematics in the antineutrino optimised mode running, compared with the
limit set by the other experiments.

6.12 Extended Contour and Surface in Am?ﬂ

The x? surface is extended to the lower values of the Am3,. The surface
features are more visible if we make the z values in log scale, which is
shown in Fig [6.22 As Am?, goes to the lower values the problem due to

degeneracy occurs, which is more clear in data contour.
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Figure 6.21: The left figure shows surface in terms of Am?2, and right
figure shows the surface in terms of Am?,.
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Figure 6.22: The surface is made in log z scale to see the the surface
features at lower Am?, region.
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6.13 Feldman Cousins

Method of Feldman Cousins is used to find the correct coverage [114].
The value of Ax? per point, which corresponds to a specific confidence
level is computed using this method. The basic principle of the Feldman-
Cousins method is to determine using Monte-Carlo simulation what Ay?
gives the correct coverage ( 68%C.L, 90% C.L etc). And the Ax? distri-
bution is created at each point in the parameter space using many fake
experiments and the Ay? is calculated as,

22 2
Ax" = Xprofile ~ Xbest (6.16)

where the Xi)roﬁle is the value of x? evaluated at the fixed point in the

parameter space and letting the atmospheric mixing parameter to be free,
where as X%est is the x? at the best fit point, where all five parameters
are free in the fit.

Fake experiments are generated with bin-to-bin statistical and system-
atic fluctuations, incorporated by sampling from the multi-dimensional
Gaussian with covariance matrix V. This can be achieved by taking the
Cholesky decomposition of the error matrix V' (V should be a symmetric
positive definite matrix) and then use that matrix for getting the fluctu-
ated far/near ratio in the following way.

vV =cct (6.17)

Where C' is the lower triangular matrix and C? is the conjugate trans-
pose of C'. Then a vector X, is created where each elements are drawn
from a unit Gaussian distribution with mean 0 and variance 1. Then the
fluctuated F/N ratio is defined as

Rgye = Bme + CTX (6.18)

Fig. [6.23| shows the distribution of Axi)roﬁle and AXlg:)est obtained from

2500 fake experiments by choosing Am3, = 0.5 eV? and 6oy = 0.2, for 90%,
the up value of the Ayx? is at 5.22 in this case including all systematics.
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Figure 6.23: The Axéroﬁle and Axf)est distribution for 2500 fake exper-

iment at Am32, = 0.5 eV? and 6y, = 0.2, the AX] gt 18 Obtained by doing
a b parameter fit where we allow both sterile and atmospheric parameters
are allowed to be free.
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Figure 6.24: The Ax? distribution for 2500 fake experiment, here we are
getting the up value for 90% C.L for 5.22, ideally it should be 4.61 for 90
% C.L for 2 degrees of freedom.
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6.14 F/N Ratio and Data Results

In the Far Detector data we observed about 226 v, CC events, the data
is consistent with the three flavor prediction, the best fit for the sterile
parameters are Am2, = 6.6 ¢V> and fy = 0.3.
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Figure 6.25: Distribution of track vertex for the v, events in the MINOS
Far Detector. A total of 226 events were observed after opening the data.
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Figure 6.26: The far detector energy spectrum with three flavour predic-
tion and with null oscillation are compared.
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Figure 6.27: The F//N ratio using data (left) and the double ratio(right)
plots are shown, where the best fit values obtained from the fit are com-
pared with data and three flavour prediction.
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Figure 6.28: The 90 % data limit obtained from antineutrino mode run-
ning. Everything right of the curve is excluded.

A limit for sterile neutrino is calculated using our v, data sample, the
limit span over 4 order of magnitude in Am?,. For Am?, < 1072eV?, it is
possible that one of the three mass squared splitting, Am3,, Am3, or Am?,
match the scale of oscillation of Am2, sector, which makes the solution
degenerate with the standard three flavour oscillation solution, creating
an island of allowed parameter space, which is visible in Fig [6.28

6.15 Feldman-Cousins Corrected Surface

The FC correction is applied to the surface to generate the proper con-
fidence limit free from any statistical fluctuations as described in Section
0. 1ol
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Figure 6.29: The Ax? surface generated for RHC data surface. The z-axis
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6.16 Combination with Bugey

In order to present the MINOS disappearance results on the same foot-
ing as appearance results from LSND and MiniBooNE, we will combine
our disappearance limit (v,) with the disappearance limit from Bugey
reactor experiment (V.). Since both limits originate from disappearance
measurements, CP is independently conserved in both cases. Therefore,
assuming CPT is conserved, the combined limit is applicable to appear-
ance results from both neutrino and antineutrino running. It will be a
more direct comparison in antineutrino mode. The appearance angle can
be written in terms of matrix elements as

sin® 20, =4 | Ues [*| U |* - (6.19)

These matrix elements are also measured at disappearance experiments.
As described in [115] they can be written in terms of angles measured at
Bugey and MINOS as,

| Ue4 ’2: SiIl2 914, (620)

| UPL4 |2: sin2 2014 0082 914. (621)

Therefore we can write the appearance angle in terms of the angles mea-
sured in both e and p disappearance as,

sin® 20, = sin® 0,4 sin? Oy, (6.22)

To construct the appearance angle limit from MINOS and Bugey, first we
obtain the x? surface from the Bugey experiment as a function of Am?,
and sin?26,,. This surface results from a GLoBES 2012 fit provided by
P. Huber. It accounts for the new calculation of reactor fluxes. For each
given Am3, we loop over each Bugey and MINOS point constructing the
appearance angle using the above equation and calculate the total y2. We
determine the minimum x? for all Am3, and construct Ax? for all the
points. We take the combined lower limit to be the allowed point for a
given Am?, with the largest sin®26,..
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Figure 6.31: The Combined Bugey and MINOS limit shown in terms of
appearance angle, which is same as that of probed by LSND and Mini-
BooNE.

6.17 Future Antineutrinos in MINOS-+

MINOS+ running in NovA era, has a medium energy configuration,
where neutrino energy peaks around 6 GeV, and 3 times more statistics
than what we have in MINOS, because of this we can get much improved
sensitivity in MINOS+, even for a year of MINOS+ running we will get
a factor of two improvement in the sensitivity.
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Figure 6.32: The combined MINOS and MINOS+ projected sensitivity
for the antineutrino in MINOS+ era for a PoT of 4.5 x 10?° (basically
estimated for a year of running). The MINOS sensitivity is also shown.
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Figure 6.33: The combined MINOS and MINOS+ projected sensitivity
for the antineutrino in MINOS+ era for a PoT of 9.0 x 10?° (basically
estimated for two year of running). The MINOS sensitivity is also shown.
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6.18 Combination with Bugey in MINOS +

The combination with Bugey will improve the limit better and this
will be interesting because it can be used to compare the LSND and
MiNiBooNE signal. The combined MINOS+ Bugey limit is shown in

the Fig[6.34]
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Figure 6.34: The combined Bugey and MINOS+ projected sensitivity for
the antineutrino in MINOS+ era for a PoT of 4.5 x 10%.

6.19 Conclusion

MINOS is capable of putting the limit on the sterile neutrino parameter
over a large Am?, range by studying the v, — v, disappearance channel.
The sterile sensitivity for the antineutrino mode running is calculated
using only the antineutrino CC samples. Much better improvements are
possible to this study using the MINOS+ antineutrinos. Combination
with other experiments will allow us to compare the appearance signal
that LSND and MiNiBooNE found.






Conclusions and Future Scope

Searching for sterile neutrinos using long baseline neutrino experiment
can probe a large range of parameter space that controls the sterile neu-
trino oscillation. MINOS experiment has looked for the sterile neutrinos
using its antineutrino mode data and set a limit on sterile neutrino mixing
parameter. A 341 sterile model is used and set limit on 694 in the range
of 1073 eV? < Am?, < 10? eV?. Both LSND and MiniBooNE experiment
found the evidence for sterile neutrinos in their antineutrino mode of data.
A total of 3.36 x 10° POT data is used and only v, CC events were used.
This is the current world’s best limit for v, disappearance sterile search
limit below 0.5 eV Both LSND and MiniBooNE found evidences for
sterile neutrinos in the appearance channel, i.e, v, — V., this mixing is
controlled by the product of angle 6,4 and 654. So in order to present
MINOS results into this angle, we used the result from the reactor exper-
iment BUGEY, it is v, — V. experiment, assuming CPT is invariant we
combined our MINOS v, — v, results with BUGEY and presented the
combined appearance limit in terms of angle which is probed by LSND
and MiNiBooNE.

Our data is statistically limited, we got 226 Far Detector events in the
antineutrino mode. MINOS is currently taking data in the NOvA era,
with higher beam intensity. In future MINOS+ will get much improved
statistics and which will be improving the current result. We can also take
the antineutrinos in the neutrino mode and combine it with the contour
to get an improved limit. Also adding the neutral current sample and the
combining neutral current and charged current samples will improve the
limit further. A selection for choosing such events has been already done
and the details are given in Appendix [Bl The MicroBooNE experiment
at Fermilab with Liquid Argon Time Projection Chamber has started
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taking data in early 2015, which will be looking for the anomaly seen by
MiniBooNE and LSND with much higher precision, it will be revolutionary
and open new doors in physics if it is discovered.

Neutrinos physics is going through an excited time now and entering
into the era of precision measurement. Many experiments are designed
to measure the mass hierarchy and CP-violation phase (d¢cp). Along with
these measurements, sterile neutrino searches will be also a focusing area
of research in neutrino physics in the coming years. The future neutrino
experiments designed at Fermilab using the high intensity neutrino beam
will be answering a few of these questions.



Beam Matrix Extrapolation

This section describes the beam matrix extrapolation technique used in
MINOS for extrapolating Near Detector flux to Far Detector using the in-
formation of parent particle kinematics which produces neutrino. Identical
Near and Far Detector design of MINOS is intended to allow the cancella-
tion of the various systematics uncertainty. The uncertainty which affect
the both detector in the same way, such as neutrino flux, cross-section,
and the modelling of hadronic energy cancel out. The cancellation of these
systematics would be exact only if the flux is same in Near and Far De-
tector. In the MINOS experiment the flux at two detector is not same
because of the kinematics of the parent particle that produces neutrinos.

A.1 Extrapolation Method

For a given parent particle the daughter neutrino energy in the center
of mass frame can be calculated. Let ¢, be the four momentum of the
parent particle, m, is the mass of the parent particle and ¢, and m, as
that of muons and neutrino four momentum is ¢, and its mass is neglected.
The four momentum transfer is given by,

G = Gp = v (A.1)
Taking the dot product of equation with itself, we get,

2 2
my, — My,

m? = m; + 2(Eym, — 0) = Ej = (A.2)

2m,,

From center mass frame it can be transformed into lab frame, moving to
the lab frame, if the parent three momentum is p, and the parent decay
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point r, and 6 is the angle between the parent and neutrino directions of
flight is given by.

rq—ry).

(ra ~ 1) By (A3)
|ra =1y |[ Pp |
The neutrino energy in the lab frame is (center of mass frame momenta
with asterisk)

cosf =

90Ty = Gp-Qv
- E;E:/,N - p;pf/ = EpEv,N — Pp-Pv
= mpE:,N —0=FE,E,n—|Pp || Pv |

The energy of neutrino is

*
mpEv,N

EVN:

)

By | by | cosf

(A.4)
- VN
~ (1 — 3, cos b))

where 7, is the parent’s Lorentz factor and f, is its velocity. It is clear
that in the lab frame neutrino energy depends on the relative angle, 6,
between the direction of travel of the parent and neutrino. Neutrino flux
is also a function of angle. In the parents rest frame neutrinos are emitted
isotropically, where as in the lab frame it depends on the angle.

iN 1
dcost — 272(1 — B, cos6)?

(A.5)

MINOS Far Detector is 735 km away from the source, so only those
neutrino which produced at very small range of angles w.r.t the initial
beam will reach Far Detector. So we can assume, for the neutrinos which
reach at FD will have a unique 6. But for ND covers a wide solid angle as
it is close to the decay point. Therefore same parent produce neutrinos at
range of energy at Near Detector (Fig [B.6]). Consequently the neutrino
energy spectrum at ND and FD are slightly different (Fig [A.2). The ef-
fect is more for those parents with higher energy and travel further down
the decay before decaying. This enhances the solid angle effect and allows
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wider range of contributing decay angles at ND (this outweighs the in-
creased Lorentz boost whose effect is narrow the outgoing neutrino energy
distribution). Thus ND neutrino energy is lower as compared to that of
the Far Detector neutrino energy, shifting the neutrino events at the ND
downward into the peak. The net effect is that at ND spectrum is more
peaked as compared to that of Far Detector.
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Figure A.1: Schematic representation of neutrino parents in the NuMI
decay pipe, illustrating the different solid angles subtended by the Near
and Far Detectors at the parent decay point. Diagram taken from [81].
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Figure A.2: The connection between the energy of neutrinos observed in
ND and neutrinos observed in FD. Decays producing neutrinos with a
given energy in the Near Detector would produce a range of energies in

the Far Detector, yielding the energy smearing seen here. Figure taken
from [81].

For Predicting the Far detector spectrum given the Near detector neu-
trino energy spectrum a method is used called “beam matrix”. The Monte
Carlo is used to produce beam matrix, which connects the Near Detector
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energy spectrum to Far Detector spectrum. The row of the matrix is true
Far Detector energy and the column corresponds to the Near detector true
energy. This matrix is created by using the decay kinematics information
of the parent particle, simulated neutrino parents are allowed to decay
in Near and Far Detector at randomly selected interaction vertices. The
probabilities of the decay direction and neutrino energy are determined
by the kinematics. Then the neutrino energy at ND can be relates with
FD via the shared parents. Repeat this procedure for all the simulated
parents in order to get the complete matrix. This matrix is calculate for
different run period and different mode of running in order to take in
account differences in the beam properties, and account for the different
parent for neutrinos and antineutrinos. The matrix is shown in Fig
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Figure A.3: The joint distribution of neutrino energies observed in the
Near and Far Detector. The contents of each cell represent the mean
number of v, events expected in the Far Detector for one event in the
Near Detector. This distribution may be treated as a matrix which relate

the energy spectra measured in the Near Detector to those in the Far
Detector [81].

The beam matrix is based on the simulation, which assumes the ND
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and FD spectra are in true energy and it is pure. It also assumes the
events are selected with 100% efficiently. In reality there are background
contamination and selection is not perfect. Also the beam matrix trans-
form the ND flux to FD flux. But ND and FD do not measure the neutrino
flux directly, instead it measures the visible neutrino energy. So additional
steps are required to take in account these effects into the extrapolation
procedure.

The reconstructed Near Detector is converted into true energy and
apply correction for the reconstruction efficiency, selection efficiency and
for purity to get the ND flux. This ND flux is then extrapolated to the FD
using the beam matrix and the procedure is applied in the reverse order
to convert the FD flux into the FD reconstructed energy spectrum. The
flowchart for this procedure is shown in Fig
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Figure A.4: The procedure for the beam matrix extrapolation to get the
FD energy spectrum from the ND reconstructed energy spectrum. Figure
taken from [69].
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To test this method we can make the FD prediction using the ND
Monte Carlo and set the oscillation parameter to zero. If the method
is properly working the resulting FD spectrum should exactly match the
unoscillated FD Monte Carlo. We would not expect the spectra match
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exactly same because the ND and FD Monte Carlo are statistically inde-
pendent. This deviation is very small as compare to FD data and can be
neglected. MINOS uses the other direct extrapolation techniques also for
predicting the Far Detector energy spectrum. The details can be seen in
[81].



Neutral Current Event Selection at
Near Detector for Antineutrino

B.1 Introduction

The neutral current cross section are same for all three active neu-
trinos. Therefore neutral current events are one way to look for sterile
neutrinos. Any deviation from the expected number of events at the Far
detector could be a signal for sterile neutrinos (number of neutral current
events do not change among active neutrinos). So it is very important
that to select the neutral current event at the Near Detector in order to
predict the Far Detector neutral current event. The high event rate at
the Near Detector makes the NC selection more difficult. Due to the high
event rate and presence of poorly reconstructed events, which are recon-
structed as low energy showers makes the neutral current event selection
at Near Detector difficult. This problem is unique to Near Detector and
not for Far Detector, which makes far-over-near differences. Due to the
presence of these poorly reconstructed event the Data and MC agreement
at the lower energy range is very poor for NC selected events. In order to
remove this badly reconstructed events two preselection variable were in-
troduced which removes most of this events and make Data-MC agreement
better. The reconstruction failure is classified into main three category,
split events, leakage events and incomplete events [12I]. Monte Carlo
studies shows that for the split events and incomplete events the event-
Completeness is less than 0.5 (eventCompleteness < 0.5). The event
completeness is defined as the ratio of the reconstructed pulse-height in
the event truly attributed to that specific neutrino interaction divided by
the the total reconstructed pulse height that the neutrino deposited in
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the detector. However the event completeness gives no information about
the event migrating from outside of the detector to inside and vice-versa.
To incorporate all these events as background a new definition is assigned
for these events, these are called poorly reconstructed events. The poorly
reconstructed events are characterised by a low value of the ratio of the re-
constructed shower energy divided by the true shower energy. The events
are chosen to be poorly reconstructed if,

reconstructed shower ener
& 03

true shower energy

which means the ratio of reconstructed shower energy to true shower
energy should be less than 30%.

Two variables were introduced to remove these poorly reconstructed
events from the samples and remove the background. For neutral cur-
rent events when shower develops longitudinally it will deposit energy in
successive planes. The poorly reconstructed events caused by the recon-
struction failures will have small number of maximum contiguous plane.
After applying the NC fiducial volume requirements, cut all the events
which are having maximum consecutive plane <3. Fig shows the
Data-MC comparison of the maximum consecutive plane variable, it can
be seen that in the bins where the contribution from poorly reconstructed
events are higher the Data-MC agreement is poor.

The other pre-selection variable is slice pulse height fraction, which is
defined as, the event pulse height divided by the slice (collection of hits
which are close in time and space) pulse height . The events are removed
if the slice pulse height fraction is < 0.5. Those events which will have
extra activity which are not part of the events (basically due to split event,
incomplete events, and leakage events) are removed when applying this
cut. Fig shows the Data-MC comparison of the slice pulse height

fraction variable with the poorly reconstructed component.
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Figure B.1: The Near Detector pre-selection variables a) shows the Data-
MC comparison of the maximum consecutive plane variable, the contri-
bution from the poorly reconstructed events are also show b) shows the
Data-MC comparison of the slice pulse height fraction, the poorly recon-
structed component of the events are also shown.

For the energy range < 1 GeV (where most of the shower reconstruc-
tion problem arises) the background from poorly reconstructed events are
reduced to 11.5% from 37.5% after applying the preselection cuts.

These preselection variables are unique to Near Detector not for Far
Detector. Therefore it causes a uncertainty in the Far Detector. The sys-
tematics error due to these cleaning cuts are evaluated for RHC combined
runs between 0-2 GeV energy [121]. Fig Shows the +10 error band
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for the combined RHC runs, it is found the uncertainties in for first 4 bins
are 0 — 0.5GeV = 12.1% , 0.5 — 1GeV = 9.7%, 1 — 2GeV = 6.9%, 4.7%
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Figure B.2: The error band for the ND preselection cleaning systematic is
shown. The values of the systematic errors assign on the first 2 GeV bins
are: 12.1%, 9.7%, 6.9% and 4.7%. The red line corresponds to the +10,
the blue line to the —1o0. The error band is symmetric by constructions.

B.2 Neutral Current Event Selection

After applying the pre-selection cuts, next procedure is to distinguish
the Neutral Current events and charged current events. The goal of event
selection is to maximise the efficiency and purity of the selected neutral
current sample. Using Monte Carlo event samples, efficiency is defined as
the number of true events selected, divided by the total number of true
events after passing the data-quality criteria. Purity is defined as the ratio
of the number of true selected events to the sum of total number of events
selected and background. The variable for selecting the neutral current
events are based on reconstruction variable which shows clear difference
from charged current event. The classification variables using for the neu-
tral current events are event length and track extension. Event length is
expressed as the difference between the first and last active plane in the
event and track extension is defined as the difference between track length
and shower length.



Neutral Current Event Selection 153

The neutral current samples are obtained after applying specified cut
on the above mentioned two classification variable. Neutral current events
are shorter than the charged current events, so any events which passes less
than 47 planes for which no track is reconstructed are classified as neutral
current event. Because neutral current events are short or contains no
reconstructed tracks, events crossing fewer than 47 planes that contain
a track are classified as neutral current if the track extends fewer than
6 planes beyond the shower (Track Extension). Fig is showing the
Data-MC comparison of this classification variables, the CC background
events are also shown.

280 7 80~ E
- MINOS PRELIMINARY ] ok MINOS PRELIMINARY
200 —e— Near Detector Data - F —*— Near Detector Data E
r —— Monte Carlo Prediction 60 E Monte Carlo Prediction =
I ] a F N E
= S cc Background ] 2 sof- SN CoBeckgrownd 4
[ - B [0} F a
> [ i > F 4
w B ] W 4o 7
Ly [ i L) r 3
100l f S wof E
- ] 20~ E
50— E
- 10
N F e,
0 10 20 30 40 50 60 70 80 90 100 -10 -5 0 5 10 15 20
Planes Crossed by Event Track Extension (number of planes)
(a) (b)

Figure B.3: Data-MC Comparisons of the neutral current classification
variable a) Event length and b) Track Extension. Data and MC shows
good agreement, the CC background events are also shown.

Distributions of the vertex positions of NC-selected events are dis-
played in Fig [B.4(c)l The plots are area normalised. The plots show
good Data/MC agreement for vertex distributions.
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Figure B.4: Data and MC distributions and ratios for the vertex positions
of NC selected events. Fiducial and cleaning cuts are applied along with
NC selection cuts. a) Vertex X b) Vertex Y and c¢) Vertex Z.

Efficiency and Purity for the neutral current selection at Near Detector
is shown in Fig [B.5(a), The selection has 80% efficiency and 75% purity.
Definition of efficiency and purity is given by,

number of selected true signal events

Efficiency =
Total number of events before selection

number of selected true signal events

Purity =
total number of events before selection + background in the selected sample

The selected neutral current energy spectra is displayed on Fig [B.5(b)|
Data-MC comparison shows good agreement. The lower energy discrep-
ancies are due to the presence of poorly reconstructed events.
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Figure B.5: a) The efficiency (red) and purity (blue) for the neutral current
selection as a function of energy. b) Data-MC comparison of the selected
ND neutral current energy spectrum. The bad data-MC agreement in the
first two energy bin are due to the presence of the poorly reconstructed
events.

B.3 Sterile Neutrino Search Strategy Using
NC Events

Using Monte-Carlo the total neutral current energy spectrum split up
into different components. The Fig. Shows the contribution from dif-
ferent component to the total energy spectrum. The number of NC events
is compared using a R-Statistic method mentioned in the section.
Because of the low background from the CC sample below 5 GeV, this



Neutral Current Event Selection at Near Detector for

156
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R-value can be measured with less uncertainty. The R value is given by
Equation Since rate of neutral current event are independent of os-
cillation any deviation from unity in the R-value will be a signature for

sterile neutrinos.
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Figure B.6: The total neutral current energy spectra are split up into
different component. The CC background is also shown. Because of the
low background below 5 GeV, it gives better sensitivity for the sterile

neutrino search.
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