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ABSTRACT

The discovery of neutrino oscillation is a clear evidence of new physics beyond the
Standard Model. Measurements of electron neutrino (v.) and electron anti-neutrino
(7.) appearances are the most important channels to complete the neutrino mixing
matrix. In a v, /7, appearance experiment, a near detector (ND) is used to constrain
the neutrino flux and measure the backgrounds to the signal. Backgrounds to the
v, appearance comes from Neutral Current Muon Neutrino Interactions (v,-NC),
Charged Current Muon Neutrino Interactions (v,-CC), beam v, events and outside
backgrounds. The background components are then extrapolated to the far detector
(FD). By looking for excess of signal v, /v, -like events in FD, we measure the neutrino
mixing angle, neutrino’s mass hierarchy and the elusive CP-violation in the lepton
sector.

This dissertation focuses on the signals and backgrounds in v, /v, appearance mea-
surements. The first part of the dissertation presents an analysis of v, appearance in
a large Water Cherenkov detector such as the one proposed by the LBNE collabo-
ration. The analysis, including scanning thousands of events, aims to distinguish v,
signals from the NC backgrounds. The second part of the dissertation presents mea-
surements of Resonance Neutrino Interactions using the NOMAD data. This process
plays a critical role in not only neutrino-nuclear cross section but also in the preci-
sion analysis of the next generation of neutrino oscillation experiments such as NOvA
and LBNE. The last part of the dissertation discusses the method of using low-v fit

method to measure relative neutrino flux and constrain beam v, background.
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CHAPTER 1

INTRODUCTION

Neutrinos are leptons. They have no electric charge and interact only through the
weak force. While the Standard Model predicts that neutrinos are massless the
discovery of neutrino oscillation is a clear evidence of non-zero mass of neutrinos,
and therefore provide a unique opportunity to explore the new physics beyond the
Standard Model.

This chapter gives a general introduction on neutrino physics and experiments.
Section 1 provides a historical view of neutrinos. Section 2 discusses basic neutrino
interaction modes such as Quasi-Elastic, Resonance, Coherent and Deep-Inelastic,
which are the signals and backgrounds in neutrino oscillation experiments. Section 3
presents the basics of neutrino oscillation physics. The historical and current status
of neutrino oscillation experiments are discussed in Section 4. The last section focuses
particularly on one type of neutrino oscillation experiment, v, appearance, which is

the main topic of this thesis.

1.1 A BRIEF HISTORY OF NEUTRINOS

Neutrinos were proposed by Wolfgang Pauli in 1930 in an effort to interpret the result
of § decay experiments. In 1914, Chadwick found that electrons from ( decay have
a continuous spectrum of energy. It is a violation of the principle of energy and
momentum conservation if electrons and neutrons are the only decay products as
people thought. In what he called "a desperate remedy", Pauli proposed that £ decay

is a 3-body decay process instead of 2-body decay (n — p+e~ +1,). The additional
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mystery particle should be neutral, spin 1/2, weakly interacting, and not yet known
to people at that time. This concept was further developed by Enrico Fermi in 1930s.

The discovery of neutrino was made by Reines and Cowan in 1956 [1]. A detector
was placed by the Savannah River nuclear plant to measure electron anti-neutrinos

through inverse beta decay:
p+v.—n+et

They observed excesses of 1.23 £ 0.24 events/hour and 0.98 4 0.22 events/hour in
two independent run periods.

Shortly after the discovery of neutrino, Schiwinger and Nishijima predicted the
existence of separate muon and electron neutrinos as muons decay weakly but not
electromagnetically (1 — e + ). The existence of a second type of neutrino as-
sociated with muons was showed by Leon M. Lederman, Melvin Schwartz and Jack
Steinberger in 1962.[2]. It was then well established that each charged lepton (e, p)
has a partner neutrino (v, v,).

The discovery of the third type of charged lepton, 7 in 1975 at the Stanford
Linear Accelerator Center suggested an associated neutrino (v;). In 2000 by the
DONUT collaboration at Fermilab announced the first detection of tau neutrino
interactions. [3].

Today three generations of leptons are known. Each generation has one charged

lepton and a corresponding neutrino with the same lepton number:

(1.1)

In the Standard Model, neutrinos are known as massless, left handed, and interact
with matter only through weak interactions, which will be discussed in the next

section.
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1.2 NEUTRINO INTERACTIONS

Neutrinos interact with matter through the weak force. There are two general types
of interactions: charged current (CC) or neutral current (NC). In a charged current
interaction, a W boson is exchanged causing the neutrino to change into a charged
lepton, while in a neutral current interaction a Z boson is exchanged leaving the
neutrino unchanged.

Neutrino interactions can be further divided into four different kinematic regions
depending on its hadronic final states: Quasi-Elastic (QE), pion productions including
Resonance (RES) and Coherent (COH), and finally Deep Inelastic Scattering (DIS).
Cross-section of neutrino interactions are showed in figure 77 as a function of neutrino
energy. At low energy (< 1GeV) Quasi-Elastic dominates. As energy goes up the
RES and DIS interaction turns on one by one. At energy above a few GeV, the
inclusive cross section increase linearly as a function of neutrino energy, as expected
for point-like scattering of neutrinos from quarks, an assumption which breaks down
at lower energies.

Neutrino interactions are historically measured for their importance in under-
standing the weak interaction and nuclear structure functions. Greater interests on
them in recent years follow from neutrino oscillation experiments. Although neutrino
oscillation experiments use both a near and far detector to measure interactions before
and after oscillation which reduces uncertainties from cross-sections, those uncertain-
ties can not be completely cancelled due to differences in detector efficiencies, flux,
and interactions between the two detectors. The cross-section knowledge of neutrino

interactions therefore is crucial for any oscillation search.
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Figure 1.1 Neutrino per nucleon charged current cross sections divided by neutrino
energy as a function of the energy. The Monte Carlo prediction is from the
NUANCE generator. QE, RES, and DIS cross-sections are shown as well as total
CC cross-section. The symbols are experiment data taken from ANL, PRD 16, 3103
(1977), BEBC, NP B343, 285 (1990), BNL, PRD 23, 2499 (1981), FNAL, PRD 28,
436 (1983) (D2), GGM, NC A38, 260 (1977), MiniBooNE, PRD 81, 092005 (2010),
C, NOMAD, EPJ C63, 355 (2009), Serpukhov, ZP A320, 625 (1985), Al, SKAT, ZP
C45, 551 (1990), BEBC, ZP C2, 187 (1979), MINOS, PRD 81, 072002 (2010),
NOMAD, PLB 660, 19 (2008), NuTeV, PRD 74, 012008 (2006). [22]

Quasi-Elastic

QE is the dominate interaction for neutrino energy below 2 GeV. In a QE interaction
the neutrino scatters off an entire nucleon rather than its constituent partons by
exchange of the W boson. A neutron is converted to a proton in neutrino interaction,

and the opposite happens in anti-neutrino interactions:
Vn — [ p, Uyp — it

QE interaction provide a large source of signal events in many neutrino oscillation

experiments operating in this energy range.
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Resonance

When neutrino energy goes up, resonance interaction becomes important. The target
nucleon becomes a baryon resonance which decays most often to a nucleon and pion.
v+ N —I1+N*"N“— N +7
Other mode such as multi-pion production or photon production is also possible.
For single pion production, there are 7 possible channels, 3 for charged current

interaction:
0
vup — upm™, vn — pnmt, Vyn — upm,

and 4 for neutral current interaction:

0 + - 0
UuD — VP, Vyp — VNI, VN —> VDT, Vi — VN,

The RES interaction is described by the Rein-Sehgal model [6].

RES is an important signal source for neutrino oscillation experiments with neu-
trino energy at few-GeV level. The 7% from NC interaction also contribute to the
background of v, appearance measurement. More about the theory and experiment

of RES will be presented in chapter 3 of this thesis.

Coherent

The neutrino scatters coherently off a target nucleus. No quantum numbers (charge,
spin, isospin) exchange and there is little momentum transfer between the lepton and
nucleon. A single meson (7 or p) is produced at small angles with respect to the

incident neutrino. Both charged and neutral interactions are possible:

v A— pArt v, A — u~ Ap”*

v A — v, A, v, A — v, Ap°

Coherent 7 production can be described by partially conserved axial current (PCAC)

and-Adler’s theorem while coherent p is described by conserved vector current (CVC)
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and vector meson dominance (VMD). The coherent process measurement thus pro-
vides the opportunity to probe the Lorentz structure of weak current as predicted by
the theoretical models.

In addition to theoretical interest, measuring the coherent processes also has the
following extra benefits in neutrino experiments. The neutrino induced and anti-
neutrino induced charged current coherent interactions have identical signatures,
namely outgoing charged leptons and charged mesons. Therefore by measuring the
ratio of positive to negative charged mesons coherent production, one can obtain a
constraint on the ratio of v/v flux. The cross-section of neutrino-induced coherent
pY production can be related to that of well measured photon-induced p° production
and thus makes an absolute flux measurement possible. Moreover, the feature of
outgoing meson’s near co-linearity with the incident neutrinos makes it possible to
measure neutrino direction with good resolution and provide a constraint on neu-
trino beam divergence. Finally coherent-7" production makes up the background in

Ve appearance measurement.

Deep-Inelastic

DIS dominates the high energy region. In a DIS interaction the neutrino scatters off
an individual quark inside the nucleon with large 4-momentum exchange through a
W or Z boson, and produces a lepton and a hadronic shower in the final state. One

can have NC or CC deep inelastic scattering:

v N — pX, v,N — pX

vuN = v, X, v,N =1, X

The measurement of DIS is important in that it can be used to validate the Standard
Model and probe nucleon structure. DIS is also the major source of background in

many neutrino oscillation experiments.
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Generally speaking, charged current interactions provide signal events in neu-
trino oscillation experiments since the neutrino type can be identified according to
the emerging charged lepton. The cross-section knowledge is very important in any
oscillation-searching experiments. The measurement of one of the important CC in-
teractions in neutrino oscillation energy region, RES, will be presented in chapter 3.
Neutral current interactions, on the other hand, usually make main backgrounds by
mimicking charged lepton in its hadron products. It is important then to constrain
NC type interactions in neutrino oscillation experiment. Chapter 2 of this thesis will

present such an effort on LBNE.

1.3 NEUTRINO OSCILLATION: PHYSICS

Standard Model predicts zero neutrino mass. However the discovery of neutrino
oscillations is a clear evidence of non-zero neutrino mass, indicating new physics
beyond Standard Model. Neutrino oscillation was first proposed by Pontercorvo and
Sakata in 1957. This section will first introduce the theory behind it, and section 1.4
will discuss up-to-date experimental measurement of neutrino oscillation.

Suppose neutrinos have masses, with mass eigenstates |v;) . On the other hand,
flavor eigenstates are written as |v,). Furthermore, suppose that flavor basis and mass
basis may not be identical but are related by the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix [4]

N
va) = Z}Uéi!m (1.2)
=

While neutrinos can only be detected in certain flavours, time evolution of neutri-
nos is based on mass eigenstate. A neutrino in mass eigenstate |v;) with four-position

x and four-momentum p evolve as:

vi(x)) = e~ P*|1;(0)) (1.3)
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If the neutrino energy E is much greater than neutrino mass m, the momentum

can be approximated as:
p=VE2—m2~FE—m?/2F (1.4)

Then we have

p-x = Et—pL~miL/2F (1.5)
And the evolution of neutrino becomes

vi(x)) = e PE 1 (0)) (1.6)

Now consider flavor mixing. Using PMNS matrix we get the evolution of neutrino

in flavor eigenstates:
a im2L/2E
Va(x)) = 3 e ™ PEUL[1:(0))
i=1
=32 PR Uil (0)) (1.7)
8 i

The probability of neutrinos starting from one flavor and ending up in another

flavor is

P(vo — v5) = [(va(x)|vs)[*

o AmZ L
= 0ap — 4 Re(UUsiUs;Up,) sin®( 4EJ )
i>j
AmZ L
2y 1 *UgiUy:U% ) si Y 1.
+ ; m(UazUﬁU]Uﬂj)Sln( 28 ) ( 8)

where Am?j is the difference between squared mass of 7" and j** mass eigenstates.
It is clear that if Am?j is non-zero and U is not diagonal, there is a non-zero probability
that neutrinos starting from one flavor a may oscillate into a different flavor (5 .

Consider 3-flavor mixing. The PMNS matrix can be written as a product of

three rotation matrices based on 3 mixing angles (612, 623, 613) between the mass
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1 0 0 C13 0 8136_us C12 S12 0
U=10 ¢ 503 0 1 —S12 ¢12 0
0 —S893 (o3 —813€i5 C13 0 0 1
—is
C12€13 512€13 513€
= | —S12C23 — C12523513€" C12C23 — S12523513€" 523C13 (1-9)
o s _ i6
5128523 — C12€23513€ C12C23 — S12C23513€ C23C13

where ¢;; = cos;; and s;; = sin6,;.
Using the PMNS matix, we can re-write the probability of neutrino oscillations
in the form of mixing angles. For example the v, to v, oscillation which is the focus

of this thesis:

Am?. L
(v, — V) = 855 8in® 20,3 sin® Tgl

Am2 L

+ 2,2, sin? 20, sin? 231231
A 2 L A 2 L A 2 L

+86§3313012312323023 SiIl2 Z%Ez’l Sin2 ZLE?)'l ( TEZ _1_6)

A 2 L A 2 L A 2 L
— 28%2833 sin? 265 sin’ M1 sin? M3 M3g

g M T uE —E )
Am3, L
AE

(1.10)

2 .3 22
+ 4013512813823(823813812 — 2612023 COS (5) Sin

Besides mixing angles, the oscillation probabilities also depends on the Dirac
phase ¢ as well as neutrino mass spacing Am?j. The Dirac phase makes the neutrino
and anti-neutrino oscillation probabilities differ, indicating CP violation. Previous
experiments have shown that Amfj is greater than Amfj by 2 orders of magnitude.
However, it is unknown whether ms is larger or smaller than m; and ms. Therefore
2 mass hierarchies are possible at this point, referred to as the normal hierarchy and
inverted hierarchy (Fig ?7). The measurement of mixing angles, CP violation and

mass hierarchy are the main physics goals of neutrino experiments.
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Now v, to v, oscillation probability can be approximately written as:

Am3,L
(v, — ve) = 855 8in” 26,3 sin’ % (1.11)
~ I ~ I
An,él{ [

-Ve - Ve
Ary< Y, a2, W
29 v

— 13
1

w2, |

Figure 1.2 The two possible mass hierarchy states as we know today. The left is
the normal hierarchy, where neutrino mass is sorted in the order 1y < vy < v3. The
right shows another possibility called inverted hierarchy, where v3 has smaller mass
than v and 1

\. I

Another issue greatly affect neutrino oscillation measurement is the matter effect
[5]. Matter is composed of nucleons and electrons, and while all flavors of neutrino
interact with them through neutral current scattering only the electron neutrinos
interact with electrons through both the neutral current and the charged-current
scattering. This effect significantly changes the position and the magnitude of the
oscillation pattern measured by long baseline experiments. It is also sensitive to the

sign of Am?, which allows for the determination of mass hierarchy.

1.4 NEUTRINO OSCILLATION: EXPERIMENTS

There are two basic methods of oscillation searches: "disappearance' and "appear-
ance". A disappearance experiment measures the survival probability of a neutrino
flavor by counting the number of interactions in the detector and comparing it with

ing no oscillation. Appearance experiments, on the other

10
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hand, look for new flavors in their detectors which are not present in the initial beam.
Background is much smaller in appearance experiments compared to disappearance
experiments so they can be sensitive to rather small values of the mixing angle.

There are four types of neutrino sources: solar, atmospheric, reactor, and accel-
erator.

Solar neutrinos are dominated by v, from nuclear interaction in the Sun. Atmo-
spheric neutrinos are produced when cosmic rays (typically protons) hit the nuclei in
the upper atmosphere. Pions are produced, then decay into neutrinos and charged
leptons with a flux ratio of 2:1 muon neutrinos to electron neutrinos.

Historically solar and atmospheric neutrino experiments plays important roles in
the discovery of neutrino oscillation. In 1968 Davis Homestake experiment found a
deficit of neutrinos from the sun compared with the predictions of the standard solar
model [7]. In 1988 a similar deficit of atmospheric muon neutrinos was observed by the
Kamiokande experiment [8]. In 1998 the Super-Kamiokande experiment announced
a very precise measurement of neutrino oscillation of atmospheric neutrino with a
baseline of the diameter of the Earth [9]. In 2002 the SNO experiment made precise
measurements of solar neutrino oscillation [10] [11].

Aside from solar and atmosphere sources, modern neutrino experiments also use
neutrinos from reactors and accelerators to study neutrino oscillation. Reactor neu-
trinos are almost pure v, from nuclear interactions. Examples of current reactor
neutrino experiments includes Double Chooze, Daya Bay and RENO. They use a v,
flux from [ decay in fusion reactors in the energy region of a few MeV. In 2003, the
KamLAND experiment found the first evidence for reactor v, oscillations [12].

Higher energy neutrinos can be produced at accelerators. Such experiments in-
clude MINOS, NOvrA, and the proposed next generation experiment LBNE. They
collide protons on a target, usually beryllium or carbon, and produce secondary

mesons. Positive or negative charge meson are then focussed toward the direction of

11
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the beamline with a magnetic device called a horn. The horn is able to focus one
charge-sign and defocus the other to produce beams which are dominantly neutrinos
or antineutrinos depending on the sign-selection. The beamline will also have a long
secondary meson decay region where the mesons decay into neutrinos, predominately
v,. This is followed by a beam dump and an extended region of shielding to remove
all particles except neutrinos. Accelerator beams have the advantage that they can be
tuned to a specific energy range, for example ~ 1 GeV region where QE and one pion
production dominate, which provide clear signals. An example of such an accelerator
neutrino beam, the NUMI beam at Fermilab, will be discussed in Chapter 4.

The physics goal of neutrino oscillation experiments are to measure the mix-
ing angle, mass hierarchy, and CP violation, as discussed in section 1.3. Super-
Kamiokande, SNO, and KamLANB provided the first precision measurements of
the solar oscillation parameters 15 and Am3, [10] [11] [12]. The limits they set
are sin?20;, ~ 0.867007 and Am2, ~ 8.0 & 0.3 + 107°eV2. Super-Kamiokande,
K2K and MINOS measure atmospheric oscillation parameters as sin? 2655 > 0.92
at 90% confidence level [13] [14]. Finally, Daya Bay experiment reports sin? 26,3 =
0.091 £ 0.016(stat) £ 0.005(syst) [15].

1.5 v, APPEARANCE MEASUREMENT

The focus of this thesis is one particular type of neutrino oscillation experiment:
v, appearance measurement using muon neutrinos from an accelerator source. The
approach of v, appearance analysis can be summarized in four steps:

1. Determine the selection criteria for v, candidate events.

2. Use the near detector to constrain the neutrino flux and measure the back-
grounds.

3. Extrapolate background components measured at near detector to far detector,

assuming no oscillations.

12
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4. Look for excess of v.-like events in the far detector, measure mixing angles,
mass hierarchy, and CP-violation.

The v, to v, oscillation probability is given by equation 1.11. This measurement
is sensitive to the 13 sector (13, Am3;) of the neutrino mixing, which is the least
measured sector so far. The matter effects induced by long baseline increase the
potential to search for CP-violating phase dcp and resolve mass hierarchy in the
neutrino sector.

The signal events in v, appearance measurement are charged-current v, interac-
tions. At low energy, the dominant interaction mode is QE. At the few-GeV level
RES becomes important, and DIS dominates when the energy goes higher. They are
characterized by an emerging electron which induce EM shower in neutrino detectors.
Future v, appearance experiments, such as LBNE, will be sensitive to oscillation en-
ergy range at few-GeV level. To maximize the v.-appearance sensitivity, therefore,
it is important not to bias the selection toward QE at the expense of RES and DIS
channels. This requires a better understanding of the cross-section and the energy
scales of various neutrino interactions.

The detector actually measures flux x cross-section, therefore any uncertainties
from the cross-section will contribute to the uncertainties of oscillation measurement.
One way to reduce these uncertainties is to use both a near and far detector to measure
the interactions before and after oscillation. However, any differences in Far/Near
detector can make them impossible to completely cancel. Therefore knowledge of
neutrino interaction cross-section is crucial in v, appearance search.

Background to 1, appearance measurement comes from neutral current muon
neutrino Interactions (v,-NC), charged current muon neutrino Interactions (,-CC),
beam v, events, and outside backgrounds.

1. v,-NC is the dominant background. In a 1,-NC event the outgoing muon

neutrino is undetectable. The hadron shower, on the other hand, may generate
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an energetic and forward 7°, which then decay into a pair of energetic photons:
7% — 7. In many neutrino detectors, such as Water Cherenkov detectors, photons
make similar EM shower as electrons and fakes the v, signal.

2. 1,-CC makes background when the low energy muon evades detection. Most
v,-CC events are characterized by a long, clean muon track and can be easily iden-
tified. However it is also possible to have events with high energy transfer from
lepton to hadron shower which makes the muon track relatively short and hard to
reconstruct. In this case v,-CC contributes to the background just like v,-NC.

3. Beam v, are the v, events from the beam rather than from oscillation. They
are produced mainly form K*, K; and 7+ decay. Beam v, is rather irreducible by
any algorithm, but needs to be constrained by flux measurement.

4. Outside background refers to the particles coming from the outside of the
detectors, including interaction induced by cosmic rays, and when neutrinos interact
with materials such as wall of experimental hall and produce secondary particles
which register hits in the detectors. Usually they can be measured and reduced to a
very low level by selection cuts, but as they are very abundant even a small portion
of the events can make dangerous background to v, appearance measurement.

This dissertation presents the studies of signals and backgrounds in v, appear-
ance measurement. Chapter 2 will present an analysis of v, appearance in a large
Water Cherenkov detector such as the one proposed by the LBNE collaboration.
Its focus is the efficiency and sensitivity of v, signal measurement against NC back-
grounds. Chapter 3 of the dissertation presents measurements of Resonance neutrino
interactions using the NOMAD data. This process play a critical role in not only
neutrino-nuclear cross section but also in the precision analysis of the next gener-
ation of neutrino oscillation experiments such as NOvA and LBNE. Chapter 4 the
dissertation discusses the method of using low-v fit method to measure relative neu-

trino flux and constrain beam v, background performed at NOvA near detector. An
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effort to use cosmic-induced EM shower to check v, reconstruction in NOvA detectors

is also included.
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CHAPTER 2
Vv, APPEARANCE ANALYSIS IN A LARGE WATER

CHERENKOV DETECTOR FOR LBNE

LBNE is a long-baseline neutrino oscillation experiment proposed to measure v, to
v, oscillation. There were 2 far detector (FD) choices: a Water Cherenkov detector
(WCD) or a Liquid Argon Time Projection Chamber (LArTPC). The collabora-
tion’s decision is critically influencing by the far detector’s sensitivity to the electron-
neutrino (v,.) appearance. This sensitivity is dependent on the detection efficiency
of the signal and background events, where in this case the signal is defined as v,-
Charged Current (v.-CC) events and the background as v,-Neutral Current (NC)
events where 7’s from the hadronic shower mimic signal electron.

The proposed WC sensitivity is largely based upon extensions of the Super-
Kamiokande (SuperK or SK) algorithm. The SK algorithm, however, is not opti-
mized for the higher neutrino energies anticipated in LBNE, especially the 1.5~8
GeV region covering the first oscillation maximum.

This chapter presents an effort of simulation and hand-scan method in order to
understand and characterize the NC background that corresponds with v.-CC signal.
Signal and background efficiencies are estimated which, in turn, will yield a figure-

of-merit for the sensitivity (FoM) of the WCD to the v,-CC appearance.
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2.1 INTRODUCTION TO LONG-BASELINE NEUTRINO EXPERIMENT (LBNE)

North Dakota

SANFORD LAB
Lead, South Dakota Minnesota

e o e

FERMILAB Wisconsin
Batavia, lllinois SANEORD LAB South Dakota

—\/— . (Proposed)

lowa
Nebraska FERMILAS

lllinois

Figure 2.1 The proposed LBNE project showed on map. the beam will be
generated at Fermilab site at Bartavia, 1L, and a far detector is proposed to be
located at Sanford, SD, with the baseline distance of 1300 km.

LBNE is designed with a 700 kW wide-band muon-neutrino beam from the Fermi
National Accelerator Laboratory (FNAL) to the Sanford Underground Research Fa-
cility (SURF), South Dakota. The high intensity beam and long baseline (1300 km)
of LBNE enable a decisive determination of the mass hierarchy and the CP-violation,
as well as high precision measurement of oscillation parameters such as mixing angles
and squared-mass differences. A fine-grained near detector is designed on the Fer-
milab site right downsteam of neutrino source to provide precision measurements of
neutrino flux and neutrino interactions. Moreover, the shielding from cosmic rays pro-
vided by the deep underground far detector site enables the non-accelerator portion
of the physics program, including nucleon decay searches, sensitive studies of neu-
trino bursts from galactic supernovae, and precision analyses of atmospheric neutrino
samples [16].

While rich in various physics topics, LBNE’s main scientific goal of measuring
v, to v, oscillation largely relies on its far detector’s sensitivity to v, signal. Among

two far detector choices proposed, Liquid Argon time Projection Chamber (LArTPC)
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and Water Cherenkov Detector (WCD), LArTPC has the advantage of precise spatial
and energy resolution and the ability of reconstructing complex neutrino interactions
(figure 1.2). However, a LarTPC of such a large mass as proposed (34-kton) has never
been built and incurs risk in building one for LBNE. WCD technology, on the other
hand, is relatively mature thanks to experience from existing large detectors such
as SuperK. A major drawback of WCD is its limited efficiency of identifying v,-CC
from NC background. It is then critical to get a good understanding of WCD'’s v,

sensitivity at the LBNE neutrino energy range, which is the focus of this chapter.
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Figure 2.2 v, signal (left) and NC background (right) efficiencies of WCD vs
LarTPC. The efficiencies are calculated based upon past experience of such
detectors.

2.2  WATER CHERENKOV DETECTOR

Cherenkov radiation is electromagnetic radiation emitted when a charged particle
passes through a dielectric medium at a speed greater than the phase velocity of light
in that medium. The radiation is at a fixed angle with respect to the direction of

particle momentum, depending on particle velocity as well as diffraction factor:

1
cosf = @ (2.1)
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Cherenkov radiation thus provide a way of detecting charged particles in high energy
physics experiments.

A Water Cherenkov detector (WCD) is a large tank of clear water surrounded
by photomultiplier tubes (PMT). Undoped oil may also be used, but water is much
more affordable medium for a detector larger than a few ktons. Water acts as target
as well as medium for Cherenkov radiation in a WCD. Neutrinos interact with water
molecules and produce charged final state particles such as electrons, muons or pions.
For example v, QE interaction: v, +n — e~ +p, or v, QE: v, +n — u~ +p. The
Cherenkov radiation produced by charged particle with velocity beyond threshold is
detected by PMTs and converted to electronic signals. The projection of Cherenkov
radiation on the detector wall is a ring called a Cherenkov ring.

Some characteristics of projected image of the Cherenkov ring can be used for
particle identification. Muons are relatively heavier than electrons and produce a
sharper ring. Electrons, on the other hand, are much lighter, and easily scatters
and undergoes bremsstrahlung radiation. The radiated photon can also produce
a electron-positrons pair, which may repeat the radiation process and produce an
electromagnetic shower. Therefore the electron ring appears to be "fuzzy" compared
to the muon ring. Figure 1.3 shows some example pictures of electron rings and muon
rings in SuperK detector.

WCD proves to be capable of distinguishing electrons from muon with good effi-
ciency as shown in figure 1.4 [17] [18]. The biggest background, however, comes from
7’s in hadronic showers from Neutral current muon neutrino interaction (v,-NC). 7%s
decay into a pair of energetic photons: 7 — v + 7, which can also produce electro-
magnetic shower just like electrons. When one ring is missing, or the two over-lap, a
single electron-like ring can be seen and mimic a true electron ring in WCD. Back-
grounds also come from beam v, and v,-CC events where muon energy is too small

to be identified.

19

www.manaraa.com



Figure 2.3 An example of a muon ring (left) and electron ring (right) in the
SuperK Cherenkov detector using event display. Pictures taken from [19].

MNum be! ‘c:d avents
g 8

8

250

'[ #-_L..
6 8 10
PID parameber

Figure 2.4 Particle identification parameter developed by SuperK to distinguish
electrons from muons. Good separation can be seen between the electron peak and
the muon peak.[18]
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As shown above, the proposed WC sensitivity for LBNE is largely based upon ex-
tensions of the SuperK, not opimized for LBNE configuration. The following sections
will present the method of simulation and hand scan we used to estimate the signal

and background efficiencies.

2.3 WC SIMULATION

The GENIE neutrino generator is used to generate neutrino interaction with water
molecules. A sample of v, events are generated following the proposed beam config-
uration of LBNE, with the fixed vertex at the origin. The vertices are then randomly
distributed in a space corresponding to the fiducial volume of the detector.

A Geant4 package is built for the simulation of WCD response, named WCSim.
The geometry of the detector used in the simulation is "DUSEL 100 kton", which is a
cylinder with a radius of 26.6 m and hight of 60 m, instrumented with 10 inch, high
QE photontube and with a 15% PMT coverage.

The Genie generated events are feed into WCSim, with random vertices in the
fiducial volume which is 25 m in radius and 50 m in height. The output of WCSim
is a rootfile containing WC neutrino events ready for scan and analysis.

The samples we use for scan contain about 1,000 v.-CC and about 10,000 v,-NC
events. Event pictures are generated for all events using the eventdisplay program

for LBNE WC.

2.4 SCAN SAMPLE

In our study, we focus on three visible energy ranges between 0.5 GeV and 8 GeV. In
considering the 0.5 ~ 1.5 GeV range, which covers the second-oscillation maximum,
we seek to confirm the consistency of our scan and analysis methods with those of

Super-Kamiokande’s estimates.
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Figure 2.5 The simulation of WCD using Geant4. The large rectangular space
showed in dash line is the world volume filled with water. The cylinders insides
shows the outer and inter detector walls. PMTs are placed on the inter wall of the
detector [20].

Figure 2.6 A simulated electron event in WCD showed in 3d event display.
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The main focus of our work is on the 1.5 ~ 8 GeV range. We divide it into two
bins: 1.5 ~ 4 GeV which envelops the first oscillation maximum, and 4 ~ 8 GeV
which can be treated as control-region, although with sufficient statistics oscillation
effects should be visible up until about 8 GeV.

In order to deduce the visible energy necessary to arrange our samples into the
above three energy bins, we consider the generated information by WCSim. v,.-CC
visible energy is the energy of the incoming neutrino while NC visible energy is the
outgoing neutrino energy subtracted from the incoming neutrino energy. The visible

energy distributions of v,-CC and v,-NC are showed in Figure 1.7.
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Figure 2.7 Visible energy distribution of v,-CC events (left) and v,-NC (right)

To select scan sample, we further cut on electron energy (v,-CC) or 7° energy (v/,-
NC). For v.-CC events with visible energy between 1.5 ~ 8 we require the electron
energy to be greater than 1 GeV. For events in 0.5 ~ 1.5 we require the electron
energy to be greater than 0.25 GeV. Similar cuts are applied to NC events, but on
energy of 7¥ instead of electron. The numbers of events selected are showed in table

1.1 and 1.2.

The interaction modes of the events generated and scanned are examined. For

vex CC events theanodes.are classified into quasi-elastic (QE), resonance (Res), and
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Table 2.1 v,.-CC events selection

Visible Energy | All | E. > 1/0.25 GeV
1.5~8 GeV | 562 448
0.5~ 1.5 GeV | 58 55
Table 2.2 v,-NC events selection
Visible Energy | All | Eo > 1/0.25 GeV
1.5~ 8 GeV | 3819 1019
0.5~ 1.5 GeV | 1624 753

deep-inelastic scattering (DIS). The relevant modes of the NC events, dominated by

the DIS process, are number of pions, especially 7°, in the final state. The fraction

of these modes in the three F,;, rage are presented in the tables 1.3 to 1.8.

The tables show that the majority of the v.-CC events in the 0.5 ~ 8 GeV range are

due to resonance (Res) and deep-inelastic scattering (DIS). For example, in the 1.5 ~

8 GeV range, no more than 20% events are due to quasi-elastic (QE) interactions. To

maximize the v.-appearance sensitivity, it is thus important not to bias the selection

toward QE at the expense of Res and DIS channels. Such a selection also imposes

an additional onus on LBNE to quantitate the cross-section and the energy scales of

RES and DIS, in addition to QE. The NC background is dominated by events with

> 2 pions in the final state.
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Table 2.3 v,-CC events in 0.5 ~ 1.5 GeV

Interaction mode QE DIS Res Coh
Tot 26(44.8%) | 7(12.1%) | 25(43.1%) | 0(0%)
Scanned 26(47.3%) | 7(12.7%) | 22(40%) | 0(0%)
Table 2.4 v,-CC events in 1.5 ~ 4 GeV
Interaction mode QE DIS Res Coh
Tot 70(25.7%) | 109(40.1%) | 85(31.2%) | 3(1.1%)
Scanned 63(32.3%) | 58(29.7%) | 67(34.4%) | 3(1.54%)
Table 2.5 v,-CC events in 4 ~ 8 GeV
Interaction mode QE DIS Res Coh
Tot 36(12.4%) | 204(70.3%) | 39(13.4%) | 1(0.345%)
Scanned 36(14.2%) | 167(66%) | 39(15.4%) | 1(0.395%)
Table 2.6 NC events mode in 0.5 ~ 1.5 GeV; ‘n’ refers to > 2.
Mode 17! nm It /m™ Coh
Tot 599(36.9%) | 460(28.3%) | 169(10.4%) | 0(0%)
Scanned | 483(64.1%) | 270(35.9%) 0( 0%) 0(0%)
Table 2.7 NC events mode in 1.5 ~ 4 GeV; ‘n’ refers to > 2.
Mode 17" nm Int /7~ Coh
Tot 210(7.34%) | 2562(89.5%) | 53(1.85%) | 20(0%)
Scanned | 133(24.4%) | 412(75.6%) 0( 0%) 0(0%)
Table 2.8 NC events mode in 4 ~ 8 GeV; ‘n’ refers to > 2.
Mode 170 nm Irt /7= | Coh
Tot 19(1.99%) | 937(97.9%) | 0(0%) | 0(0%)
Scanned | 17(3.59%) | 457(96.4%) | 0( 0%) | 0(0%)
25
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2.5 ScAN PROCEDURE

The procedure for scanning was undertaken in three stages: the formulation of a
standard of reference, a period of training and self-correction, and the application of
these two steps towards the measured set of events.

Scanning for all events was conducted by at least two persons working in tandem
to reduce error. Each ring was proposed for inclusion on an empirical basis and
assigned to the total count per event by category. These categories included "Clear
Rings", "Not-So-Clear Rings", "Unclear Rings", and "Blob" rings. The "Blob" category
was used to hold a type of miscellaneous ring that occurs when the vertex of the event
is too close to the front wall of the detector to accurately resolve individual rings -
resulting in a "blob" of active PMTs.

The creation of the standard of reference was undertaken with a small section of
random events, where the scanners recorded their observations before referencing the
corresponding true values of the event. The outcome of this was a solid definition of
each category - Clear for very confident rings, Not-So-Clear to indicate a lower level
of confidence, and Unclear to indicate even lower lever of confidence. These categories
became stronger in their definitions with the training period, where a set of about
100 events were scanned and checked for coherence with true data. By this training
we lower the level of mis-scan to 0.2% for clear rings, 2% for not-so-clear rings and
10% for unclear rings. This preparation helped to bolster a trustworthy set of scans
for use in later statistical considerations.

With a low mis-scan rate for even unclear rings the number of rings in each event
picture is calculated by adding up all three categories.

Thus, the classification of rings as Clear, Not-so-Clear, and Unclear served only to
sharpen our scanning ability and played no further quantitative role in this analysis.

The detailed numbers of events in signal region (1.5 GeV - 4 GeV) and control

region (4 GeV - 8 GeC) are listed in table 1.9 and table 1.10. Examples of 1-ring,
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2-ring, 3-ring and 4+ ring categories are displayed in Figures 1.8 Only 1-ring (1R),
2-ring (2R), and 3-ring (3R) events are used in this analysis; events with 4+ ring

events are not used.

Table 2.9 Number of (v, events classified into 1R, 2R, 3R and More-than-3R

categories

Visible energy (GeV) | 0.5-1.5|1.5-4|4-8 | sum

Total generated 58 272 290 | 620

Total scanned 5} 195 253 | 503

1R 24 59 41 124

2R 17 75 86 178

3R 9 47 69 125

More than 3R 5 14 30 49

Table 2.10 Number of NC events classified into 1R, 2R, 3R and More-than-3R

categories

Visible energy (GeV) | 0.5-1.5| 1.5-4|4-8 | sum

Total generated 1624 2862 | 957 | 5443

Total scanned 753 545 474 | 1772

1R 141 82 20 243

2R 391 215 107 | 713

3R 9 47 69 125

More than 3R 212 201 278 | 691

2.6 ANALYSIS

After scan, the generated ID’s were used to identify each ring as an electron ring
(electron, positron or gamma) or a non-electron ring (muon or pion). By doing this
we assume perfect ring identification in the Water Cherenkov detector, as the SuperK
result suggested [17]. The generated particle energy was used as the energy of the
ring. We then smear the momentum according to SuperK resolution (figure 1.9) and
reconstruct the following variables:

1) PE, which is the transverse momentum of the leading lepton with respect to

the incoming neutrino.
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Figure 2.8 Example eventdisplay pictures of 1-ring event (top left), 2-ring event
(top right), 2-ring event (bottom left) and more-than-4-ring event (bottom right)
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Figure 2.9 Electron-like (top) and muon-like (bottom) ring momentum resolution
as measured in SuperK. [17]

2) PFH | which is the transverse momentum of the leading lepton with respect to
the second ring, if there is one.

3) M, which is the reconstructed mass using the 4-momentums of the leading
ring and the second/third ring.

The distribution of those variables of nue and nc events were examined to decide
cuts on them to reduce nc background.

We then apply cuts based on true and reconstructed kinematics on 1-ring, 2/3-ring
events to reduce NC background.

For 1-ring events, the cuts are:

Cut 1: leading electron/gamma ring > 300 MeV (for 0.5~1.5 GeV) or 1 GeV (for
1.5~4 GeV)

Cut 2: Pl > 300 MeV

For 2/3-ring events, the same cuts are applied as 1-ring, with 2 additional cuts on

the reconstructed invariant mass M, and PtLH . The cuts are:
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Figure 2.10 PF distribution of 1R, 2R and 3R events in 0.5 ~ 1.5 GeV region and
1.5 ~ 8 GeV region.

Cut 1: leading electron/gamma ring > 300MeV (for 0.5~1.5 GeV) or 1 GeV (for
1.5~4 GeV)

Cut 2: P> 300 MeV

Cut 3: 125 MeV< M5 <5 MeV (for 0.5~1.5 GeV) or M5 > 175 MeV (for 1.5~1.5
GeV)

Cut 4: PFH > 400 MeV (for 0.5sim1.5 GeV) or PFH > 800 MeV (for 1.5~4 GeV)
or PF > 900 MeV (for 4~8 GeV)

The number of events after each cut are showed in table 1.11 ~ 1.16.
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Figure 2.11 PEFH distribution of 1R, 2R and 3R events in 0.5 ~ 1.5 GeV region and
1.5 ~ 8 GeV region.
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Figure 2.12 Reconstructed Mass of 2-ring and 3-ring events in 0.5 ~ 1.5 GeV
region and 1.5 ~ 8 GeV region.
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Table 2.11 Cut table for v,CC 1R events

Visible energy (GeV) | 0.5- 1.5 1.5-4 4-8 sum
Total scanned 24(41.4%) | 59(21.7%) | 41(14.1%) | 124(20%)
cutl 20(34.5%) | 50(21.7%) | 41(14.1%) | 120(19.4%)
cut2 18(31%) | 50(18.4%) | 34(1L.7%) | 102(16.5%)
Table 2.12 Cut table for NC 1R events
Visible energy (GeV) | 0.5- 1.5 1.5-4 4-8 sum
Total scanned | 141(8.68%) | 82(2.87%) | 20(2.09%) | 243(4.46%)
cutl 71(4.37%) | 68(2.38%) | 18(1.88%) | 157(2.88%)
cut2 33(2.03%) | 37(1.29%) | 12(1.25%) | 82(1.51%)
Table 2.13 Cut table for v,CC 2R events
Visible energy (GeV) | 0.5- 1.5 1.5-4 4-8 su
Total scanned 17(29.3%) | 75(27.6%) | 86(29.7%) 178(28 %)
cutl 13(22.4%) | 75(27.6%) | S4(20%) | 172(27.7%)
cut2 10(17.2%) | 65(23.9%) | 81(27.9%) | 156(25.2%)
cut3 10(17.2%) | 54(19.9%) | 76(26.2%) | 140(22.6%)
cutd 7(12.1%) | 38(14%) | 60(20.7%) | 105(16.9%)
Table 2.14 Cut table for NC 2R events
Visible energy (GeV) | 0.5-1.5 1.5-4 4-8 sum
Total scanned 391(24.1%) | 215(7.51%) | 107(11.2%) | 713(13.1%)
cutl 176(10.8%) | 125(4.37%) | 90(9.4%) | 391(7.18%)
cut2 56(3.45%) | 75(2.62%) | 61(6.37%) | 192(3.53%)
cut3 16(0.985%) | 20(0.699%) | 22(2.3%) | 58(1.07%)
cutd 2(0.123%) | 10(0.349%) | 11(L.15%) | 23(0.42%)
Table 2.15 Cut table for v,CC 3R events
Visible energy (GeV) | 0.5- 1.5 1.5-4 4-8 sum
Total scanned 9(15.5%) | 47(17.3%) | 69(23.8%) | 125(20.2%)
cutl 8(13.8%) | 47(17.3%) | 69(23.8%) | 124(20.0%)
cut2 4(6.9%) | 42(15.4%) | 69(23.8%) | 115(18.5%)
cut3 4(6.9%) | 29(10.7%) | 59(20.3%) | 92(14.8%)
cutd 2(3.45%) | 24(8.82%) | 48(16.6%) | 74(11.9%)

32

www.manaraa.com




Table 2.16 Cut table for NC 3R events

Visible energy (GeV) | 0.5- 1.5 1.5-4 4-8 sum
Total scanned 171(10.5%) | 169(5.9%) | 148(15.5%) | 488(8.97%)
cutl 45(2.77%) | 85(2.97%) | 89(9.3%) | 219(4.02%)
cut2 11(0.677%) | 50(1.75%) | 66(6.9%) | 127(2.33%)
cut3 1(0.062%) | 12(0.42%) | 18(1.9%) | 31(0.57%)
cut4 0(0%) 6(0.2%) 6(0.6%) 12(0.22%)
Table 2.17 Cut table for cumulative v, events
Visible energy (GeV) | 0.5-1.5 1.5-4 4-8 sum
Total generated 58 272 290 620
Total scanned 55(94.8%) | 195(71.7%) | 253(87.2%) | 503(81.1%)
cutl 41(70.7%) | 181(66.5%) | 194(66.9%) | 416(67.1%)
cut2 32(55.2%) | 157(57.7%) | 184(63.4%) | 373(60.2%)
cut3 32(55.2%) | 133(48.9%) | 169(58.3%) | 334(53.9%)
cut4 27(46.6%) | 112(41.2%) | 142( 49%) | 281(45.3%)

2.7 SIGNAL AND BACKGROUND EFFICIENCIES

The v,.-CC efficiency of 1-ring events is defined as the number of 1-ring v,-CC events
after all cuts within each energy range divided by the corresponding number of gen-
erated events. The v.-CC and NC efficiencies are also plotted as a function of visible
energy in Fig 1.13, and similarly we define efficiencies for 2-ring and 3-ring events,
showed in figure 1.14.

Adding up 1-ring, 2-ring and 3-ring categories gives us the cumulative efficiencies,
showed in figure 1.15. The cut table for cumulative v, and NC events are showed by
table 1.17 and 1.18. In the first oscillation region (1.5 ~ 4 GeV) the v,.-CC efficiency
is 41.2% and the corresponding NC background efficiency is 1.85%. In the second
oscillation region (1.5 ~ 4 GeV) the v,-CC efficiency is 46.6% and the corresponding
NC background efficiency is 2.16%

Finally we define the sensitivity FoM of the WC detector as v.-Eff/\/NC — Eff.
By this definition we get the sensitivity in the first oscillation region to be

FoM(0.5GeV ~ 1.5GeV) = 41.2%/v/1.85% = 30.3,
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Table 2.18 Cut table for cumulative NC events

Visible energy (GeV) | 0.5-1.5 1.5-4 4-38 sum
Total generated 1624 2862 957 5443
Total scanned 753(46.4%) | 545(19%) | 474(49.5%) | 1772(32.6%)
cutl 292( 18%) | 278(9.71%) | 197(20.6%) | 767(14.1%)
cut2 100(6.16%) | 162(5.66%) | 130(14.5%) | 401(7.37%)
cut3 50(3.08%) | 69(2.41%) | 52(5.43%) | 171(3.14%)
cutd 35(2.16%) | 53(1.85%) | 29(3.08%) | 117(2.15%)
1R efficiency
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Figure 2.13 1-ring event efficiencies of v.-CC and NC

and in the second oscillation region it is

FoM(0.5GeV ~ 1.5GeV) = 46.6%/v/2.16% = 31.4.

2.8 COMPOSITION OF SURVIVING 1,-CC AND NC EVENTS

We conducted a simple analysis of the composition of 1,-CC signal and NC back-
ground. For the NuECC events generated, scanned, and cut, we examined the inter-
action modes QE, DIS, Res, and Coh. For NC the numbers of pions were counted.
The table 1.19 ~ 1.24 the interaction modes of all events in the sample, scanned

events and those after the cuts. They show that the scan preferentially picks out
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Table 2.19 v,-CC event modes in 0.5 ~ 1.5 GeV

Interaction mode QE DIS Res Coh
Tot 26(44.8%) | 7(12.1%) | 25(43.1%) | 0( 0%)
Scanned 26(47.3%) | 7(12.7%) | 22( 40%) | 0( 0%)
After cuts 17(58.6%) | 15(51.7%) | 10(34.5%) | 0( 0%)
Table 2.20 NC event modes in 0.5 ~ 1.5 GeV
Mode 170 nm It /m™ Coh
Tot 599(36.9%) | 460(28.3%) | 169(10.4%) | 0( 0%)
Scanned | 483(64.1%) | 270(35.9%) 0( 0%) 0( 0%)
After cuts | 66(90.4%) | 7(9.59%) 0( 0%) 0( 0%)
Table 2.21 v,CC event modes in 1.5 ~ 4 GeV
Mode QE DIS Res Coh
Tot 70(25.7%) | 109(40.1%) | 85(31.2%) | 3( 1.1%)
Scanned | 63(32.3%) | 58(29.7%) | 67(34.4%) | 3(1.54%)
After cuts | 29(25.2%) | 57(49.6%) | 44(38.3%) | 1(0.87%)

lower-Yp; v.-CC events, but by no means only QE. The surviving NC-events are

dominated by > 2 7°.

2.9 CONCLUSION

To summarize the work: an analysis of v.-appearance sensitivity in a Water Cherenkov

detector (WCD) is conducted in the proposed LBNE neutrino beam. A sample of

500 v, charged current (v,-CC) and 1800 neutral current (NC) events, simulated

randomly across the fiducial volume of a 100-kT WCD instrumented with 10-inch,

high-QE PMTs with a 15% coverage is scanned. The signal v, and the background

NC events are mixed before scanning in an attempt to conduct a ‘blind’ scan. Each

subsample, composed of signal plus background events, is scanned by at least two

Table 2.22 NC events mode in 1.5 ~ 4 GeV

mode 170 nm It /m™ Coh

Tot | 210(7.34%) | 2562(89.5%) | 53(1.85%) | 0( 0%)

Scanned | 133(24.4%) | 412(75.6%) 0(0%) | 0(0%)

After cuts | 16(30.2%) | 37(69.8%) 0(0%) | 0(0%)
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Table 2.23 v,CC events mode in 4 ~ 8 GeV

Interaction mode QE DIS Res Coh
Tot 36(12.4%) | 204(70.3%) | 39(13.4%) | 1(0.345%)
Scanned 36(14.2%) | 167( 66%) | 39(15.4%) | 1(0.395%)
After cuts 15(10.3%) | 90(62.1%) | 28(19.3%) 0( 0%)
Table 2.24 NC events mode in 4 ~ 8 GeV
mode 170 nm It /m™ Coh
Tot 19(1.99%) | 937(97.9%) | 0( 0%) | 0( 0%)
Scanned | 17(3.59%) | 457(96.4%) | 0( 0%) | 0( 0%)
After cuts | 7( 25%) 21( 75%) | 0( 0%) | 0( 0%)

persons. Scan events are smeared following the Super-Kamikande (SK) resolution,
and subjected to simple kinematic cuts to arrive at a v.-CC and NC efficiency as a
function of visible energy. A Figure-of-Merit for the sensitivity (FoM) is defined as
FoM =v.— Eff/«/NC — Eff Although the focus of the scan-study is in the energy
range 1.5-8 GeV covering the first oscillation maximum, we have also included events
in the 0.5-1.5 GeV region.

From the scan, we find the majority ( 75%) of v.-CC signal are induced by deep
inelastic scattering (DIS) and resonance (Res); about 25% of the signal are due to
quasi-elastic (QE) interactions. The background NC are dominated by events with
> 2 pions in the final state, where one of the two photon evades detection either by
lying on top of the other or by being the product of highly asymmetric decay. The
final efficiencies we get in 0.5 < E,;; < 1.5 GeV are 46.6% for v, and 2.2% for NC,
with FoM = 31.4; and in 1.5 < E,;; < 4 GeV are 41.2% for v, and 1.9% for NC,
with FoM = 30.3.

This study proves a large Water Cherenkov detector’s capability in serving as the
far detector for future v, appearance oscillation experiments. Moreover, it has been
shown that in few-GeV neutrino energy region which covers the v, — v, oscillation
maximum, the interactions have large contributions from RES and DIS other than

QE. To maximize the v.-appearance sensitivity, it is thus important not to bias the
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selection toward QE at the expense of RES and DIS channels. A better understanding
of cross-section and the energy scales of RES and DIS is therefore crucial to future

oscillation experiments such as LBNE.
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CHAPTER 3
RESONANCE NEUTRINO INTERACTIONS MEASUREMENT

IN NOMAD DETECTOR

This chapter presents a measurement of charged current resonance neutrino interac-
tion (RES) in NOMAD detector. Resonance interaction is an important contribution
to v, signal in neutrino oscillation experiments with few-GeV level neutrino energy.
A precise knowledge of RES cross-section is important in not only neutrino-nuclear
interaction itself but also in the precision analysis of the next generation of neutrino
oscillation experiments such as NOvA and LBNE.

NOMAD is a neutrino experiment on CERN SPS beam designed for the searching
of v, to v, oscillation. The large sample of high-resolution data accumulated by
NOMAD detector is an excellent sample for neutrino interaction studies.

In this chapter, we take 2 channels of RES interaction mode in NOMAD detector:
3-track final states (muon, proton and charged pion) and 2-track final states (muon,
proton or charged pion). They are measured separately and give consistent result
with each other. The method of Neural Network is implemented in the analysis
of both channel. The two channels are then combined to give a very precise final
measurement of inclusive RES interaction. This combined analysis method reduces
both statistic and systematic uncertainties.

Section 3.1 of this chapter outlines the physics of resonance interaction. Section
3.2 gives an brief introduction to NOMAD experiment at CERN. The MC simulation

and signal /background of RES measurement is discussed in section 3.3 and 3.4. 3-
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track and 2-track analysis are presented separately in the sections 3.5 and 3.6. In
section 3.7, the two channels are combined to give a final measurement, in the form of
ratio of CCRES with respect to inclusive CC as well as the cross-section. A systematic

study is performed in section 3.8.

3.1 RESONANCE: PHYSICS AND MOTIVATION

Figure 3.1 Feynman diagram showing a resonance interaction with a A*+
intermediate state which decays into a proton and a 7.

Neutrino can inelastically scatter off target nucleon, with a short term resonant
state of the excited target nucleon created (N*,A) and then almost immediately
decays, most often into a nucleon and a single pion, which is the focus of this chapter.
Other decay modes are also possible, such as multi-pion, different mesons or photons
production.

There are three possible channels for charged current resonance 17 production.
The intermediate states have isospin 1/3 or 2/3, and the decay product are a proton

or neutron plus a charged or neutral pion. For v,, they are

Vp+p— p+p+at
vp+n—p+n+at

Vu+n—>,u+p—|—7r0

For neutral current current, four channels are possible:
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1/#+p—>yu+p+7r0
Vp+p—v,+n+at
Vp+n—v,+p+7m"

I/”—i-n—)V#—i—n—l—ﬂ'O

And there are 7 corresponding interaction channels for v,.

Resonance interaction are described by Rein-Seghal (RS) model[6]. Figure 2.1
shows the Feynman diagram of the resonance interaction with a A™* intermediate
state. The interaction can be divided into Lepton current part and hadron current

part. In the limit of m; = 0, the matrix element is written as

TN — N = 2 [0 = 2s)ia] (N OV @)

where G = G cosfc.
iuy? (1 — ~vs)p, is the lepton current part. It can be expanded in the rest frame of

the resonance as

2
(1= y5)p = —2V2E, %(ueﬁ — velp + V2pve) (3.2)
where Q? is the momentum transfer, y = %};—FQ, v = % The left-handed,

right-handed and scalar polarization vector are:

1

(0,1, —i,0), e (0, ~1,—4,0), ¢l = ——=(Q",0,0,) (3.3)

1
E

<N |J5 (0)|N *> is the hadron current part. The hadron current operator J5 contains

g

a vector part V3 and axial vector part Ag:
Ji =Vs— Ag=2MF; =2M(F} — F}") (3.4)

Now the matrix elements are:

2 M
T(v,N — uN*) = —AGME, { I% (N|pF_ — vF,|N*) + WN\/m‘u (N|FO|N*)}

(3.5)
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with

And the differential cross-section is

do G2 QL

e 87T2MNR|(]|2 [u oL+ Vvior+ 2@1/05] (3.9)
with

7TM 1 . .
OLR ZI (N, j. 7 1F£IN*, j.) P6(W — M) (3.10)

M 1|q|2 . -
OLR= Mk OF Z| (N, j.|Fo| N*, 5.) |P0(W — M) (3.11)

and the flux factor
W2 — M%

= 3.12
K ST (3.12)

The original RS model for RES assumes zero lepton mass. It shows some disagree-
ment with the pion production data, especially in the low Q? region. The non-zero
lepton mass effect was later introduced by Berger and Sehgal [21].

Resonance interaction plays an important role in neutrino oscillation experiments.
As already discussed in chapter 1, RES is a large contribution to neutrino oscillation
measurement in oscillation energy at few-GeV level. Although neutrino oscillation
experiments use both a near and far detector to measure interactions before and after
oscillation which reduces uncertainties from cross-sections, those uncertainties can not
be completely cancelled due to differences in detector efficiencies, flux and interactions
between these two detector. The cross-section knowledge of RES therefore is very

0

important for oscillation measurement, especially at few-GeV level. Moreover, 7’s

from resonance also make background to v, appearance measurement.

42

www.manharaa.com




Historically, resonance pion production was measured by old bubble chamber ex-
periments. There were large uncertainties due to lack of statistics. Figure 2.2 shows
some historical measurement of 3 charged current resonance interaction channels
along with theoretical calculation by NUANCE neutrino generator. A good sum-

mary of previous RES single pion production measurement can be found in [22].

—
c 2 s ANL, PRL 30, 335 (1973), H, e  BEBC, NP B343, 285 (1990), D,
5 4 0). b,
S 1.8 = ANL PRD 19,2521 (1979),H,D, 4 ?::LPEELSE ~f§;ﬂf1?§§é-] 0,
© 1.6 o ANLPRDZS 1161 (1982, H,D, = S SEERY 107 0EE) crar
— m
“E 1 I2 [
‘“u 1 v,n— unx ] 0
=1 i : ] v, N —
e 0.8 " Hpr
2
< 0.6
E
[ ]
© 0-2 VP — |.|.-PT|:+
1 10 107 1 10 10? 1 10 10°
E, (GeV)

Figure 3.2 Historical measurement of resonance single pion production. The black
line represents theoretical calculation using NUANCE using MA = 1.1 GeV [23].
(Plot taken from [22])

3.2 INTRODUCTION TO NOMAD

The Neutrino Oscillation M Agnetic Detector (NOMAD, WA-96) was designed to
search for v, to v, oscillations in the CERN SPS wide band neutrino beam. The
neutrino beam was produced by the 450 GeV protons from the Super Proton Syn-
chrotron (SPS) incident on a beryllium target.The positively charged secondary 7, K
mesons were focused by two magnetic horns into a 290 m long evacuated decay pipe

and then decayed into neutrinos.
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The NOMAD detector was composed of several sub-detectors [26]. The target
consisted of 132 planes of 3 x 3m? drift chamber (DC), with a 2.7 ton fiducial mass
composed primarily of carbon (64%), oxygen (22%), nitrogen (6%), and hydrogen
(5%). The measured composition of the target was 52.43% protons and 47.57%
neutrons. The average density of 0.1gm/cm? is similar to that of liquid hydrogen,
and the effective atomic number of 12.8 is similar to carbon [30]. Following the
drift chambers are a Transition Radiation Detector (TRD), a pre-shower detector
(PRS) and a lead-glass electromagnetic calorimeter (ECAL). The ensemble of DC,
TRD, and PRS/ECAL was placed within a dipole magnet providing a 0.4 T magnetic
field orthogonal to the neutrino beam line, which makes high precision momentum
measurement of charged particles possible.

During its run, the NOMAD experiment recorded over 1.7 million neutrino inter-
actions in its active drift-chamber target. This high resolution neutrino data sample
offers an unprecedented opportunity to study a large number of neutrino interactions
in addition to the neutrino oscillation search. The NOMAD v, flux energy spans
from few-GeV up to 300 GeV, with a mean energy of 24.3 GeV, which covers the
neutrino oscillation energy range of many modern and next generation v, appearance
experiments such as NOvA and LBNE. The neutrino cross-section measurement from
NOMAD therefore can play an important role in current and future v, appearance

search.

3.3 MONTE CARLO SIMULATION

NOMAD uses NEGLIB, built based upon LEPTO 6.1 [27] and JETSET [28], as
its standard neutrino event generator. We also used GENIE, a relatively modern
neutrino generator to achieve better agreement with data. RS model is used for
RES simulation [24]. A GEANT program was used to simulate the NOMAD detec-

tor response [29]. All major interaction types are simulated. For this analysis, the
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Figure 3.3 The NOMAD detector.

COH. The total number of CC events is about 1.36M based on inclusive CC measure-
ment [25] and the relative abundance of DIS:RES:QE was taken to be approximately
1.0:0.035:0.024.

One issue with the RES simulation is the value of axial-mass (MA). We take the
default value in GENIE to be 1.12 in the standard simulation and analysis. We also
vary it by + 20% to evalute systematic error from MA uncertainty. Moreover, the
analysis can be a measurement of MA itself by comparing Data/MC agreement using
simulation with different MA values. The GENIE calculated cross-section of RES

with different MA values are shown in figure 2.4.

3.4 SIGNAL AND BACKGROUND

We first focus on the first channel of RES interaction, in which a proton and a 7"
are produced: v, +p — pprt. It is dominated by AT production. In NOMAD

have 3 tracks: one negative muon track, and two positive
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Figure 3.4 Genie calculated cross-section of RES interaction with different MA
values as a function of neutrino energy. The default MA value in GENIE is 1.12
GeV (black). Variations of 0.92 GeV (blue) and 1.32 GeV (red) are also shown.

tracks from proton and 7", with little others. Fig 2.5 show a candidate event in
NOMAD detector. One long negative track (curving downward) and two positive
tracks (curving upward) can be seen in the eventdisplay.

Another type of RES event we consider are 2-track events, including a negative
muon track and a positive hadron track. They may from the decay of A™ decay:
AT — nat, AT — pr® or a ATt decay where one of the hadron track is missing.

The 2 channels (3-track and 2-track) will be measured separately, presented in
section 3.5 and section 3.6. Then section 3.7 will present a combined measurement
of inclusive resonance interaction.

The major background for RES are from charged-current Deep-Inelastic scattering
(CCDIS). In a DIS event, a neutrino scatters off a quark in the nucleon via the
exchange of a virtual W or Z boson, producing a lepton and a hadron shower in the

final state. There can be 2 positive tracks of 7% or proton in the hadron shower
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Figure 3.5 A A™T candidate event in NOMAD detector. One long negative track
(curving downward) and two positive tracks (curving upward) can be seen in the
eventdisplay.

besides the muon track, which mimic a 3 track RES signal. Other interactions, such
as QE and COH, is much smaller in number compared to DIS in 3-track sample, but
may produce backgrounds to track measurement.

To separate signal from background, we first look at kinematic variable distri-
butions and apply selection cuts. Then neural networks are trained using MC for

further separation.

3.5 NEURAL NETWORK

Artificial neural networks (ANN or just NN) are widely used in physics data analysis
[31]. A neural network has at least 3 layers: input layer, hidden layer and output
layer. Each of the layers has one or more neutrons. Different Layers are connected
by bias and weighted links between them.

1. Input layer. The neurons in a input layer are used to take the inputs. The
inputs are forwarded to the first hidden layer after normalization.

2. Hidden layer. Each of the neutrons in a hidden layer takes a linear combi-

nation-of the outputs.of the previous layer and outputs a sigmoid function of that
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combination. A sigmoid function is defined as

1
5(z) = 1+e®

There can be more than one hidden layers.

3. Output layer. The output of a output layer is simply a linear combination of
the outputs of the previous layer.

Any continuous function can be approximated by a linear combination of sigmoid
functions. In physics analysis, a neural network are often designed to take a set of
kinematic variables (z1,xs...) as input and use a single output to indicate signal or
background. (f = f(x1,25...)) The NN should be trained and tested before being
used in analysis.

A Monte Carlo sample consists of signal and background events is used in training,
with an integer F' defined to be 1 for the signal events and 0 for the background
events. The training process tunes the weights of the connection between NN layers
to minimize the error between the NN output f and the MC integer F' (0 or 1). After
the training, the NN is tested by an independent MC sample to make sure there is
no over-training. The trained neural network is then a function of inputs with the

output being the probability of signal against background.
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wieight matrix 1
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weight matrix 2

output layer

output values

Figure 3.6 An example of the structure of an artificial neural network. Three
layers are shown in this case: input layer (3 neurons), hidden layer (2 neurons) and
output layer (3 neurons). Neurons of nearby layers are connected by weighted links.
The number of layers and neurons can be customized for different analysis purpose.
Picture taken from [31].
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3.6 3-TRACK ANALYSIS

This section presents details of the analysis of the 3-track sample. We are looking for
RES events with 3 tracks : muon, proton and 7*. Major background is from CC-DIS
with 2 positive tracks from hadron shower. We first look at differences between RES
and CC-DIS in kinematic variables, upon which selection cuts are developed. Then
a neural network is trained using RES and DIS MC events surviving the cuts. We
see a good separation between signal and background in the NN output. Then the
background is normalized, and finally a corrected number of signal is measured. We
do the analysis in 14 neutrino energy bins, with a fixed background normalization

factor used for all bins.

Events Selection

We first apply pre-selection cuts, including the fiducial cut, requiring negative track
identified as muon with 2 additional positive hadron track, and veto all photons to
select the 3-track events. A shape comparison of kinematics between RES and DIS
is made using the 3-track MC events selected, including missing Pr, total hadron
energy Ppqq and hadron angle from incoming neutrino 0p,.4 (figure 2.7). Differences
between RES and DIS can be seen. DIS tends to have more energy transfer and thus
the hadron shower show higher energy and smaller angle from incoming neutrino
direction. DIS also has higher missing F;.

Based upon those comparison, we choose the cut on pp.q < 2.5, P/ < 0.7 and
Orea > 0.35. The number of events passing each cut are shown in table 2.1. The

events selected are then subject to the neural network analysis.
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Figure 3.7 Shape comparison of kinematic variables between 3-track RES (blue)
and DIS (red) MC, including missing P;, 0y.q and Paq.

Table 3.1 Cut table of 3-track analysis.

Cuts QE RES | CCDIS | NCDIS | COH | TOT-Bac MC Data
3-track 727.5 | 9836.4 | 70962.5 4.4 18.0 | 71712.4 | 81548.8 | 29568.0
P™ < 0.7 | 497.6 | 8326.4 | 36172.3 1.1 16.0 | 36687.0 | 45013.5 | 19800.0
Onaq > 0.35 | 491.0 | 7467.1 | 16917.0 0.2 6.8 17415.0 | 24882.1 | 13982.0
Phad < 2.5 | 449.0 | 6999.2 | 12367.2 0.2 6.4 12822.8 | 19822.0 | 11992.0
Norm 271.6 | 4234.4 | 7482.0 0.1 3.9 7757.6 | 11992.0 | 11992.0
51

www.manharaa.com



Neural Network

We use TMultiLayerPerceptron class in root to built neural networks [31]. The struc-
ture of NN is shown in Figure 2.6. The input layer has 9 input variables which are
reconstructed 3-momentums (px, py, pz) of reconstructed muon, proton and pion
tracks. It is followed by 3 hidden layers, with 9, 6 and 3 neurons respectively. The
output is an integer defined as 1 for RES and 0 for DIS. A sample of RES (signal) and
DIS (background) 3-track MC events are used as the training sample. The trained
NN is then tested by an independent sample of RES and DIS MC events to make sure
there is no over-training. NN successfully separates RES signal from DIS background

as shown in Figure 2.9.
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Figure 3.8 The stucture of NN built for 3-track resonance analysis. 5 layers are
used, with 1 input layer, 3 hidden layer, and 1 output layer. The number of
neutrons are 9:9:6:3:1 respectively.

We then define signal region and background region based upon NN output dis-
tribution. Signal region defined as NN output greater than 0.4 where RES events
dominate and background region is defined as NN output smaller than 0.4 where the
dominate is DIS. The signal efficiency is 75% compared to the background efficiency

of 32%. Next we can normalize the background to fit data.
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Figure 3.9 The NN output of RES (blue) and DIS (red) 3 track MC sample. No
normalization is applied.

Background Normalization

The normalization process works as the following. First assume there is no signal in
background region. A zero order background normalization factor (BN (0)) is calcu-
lated as the ratio of data events (Dj) to background events (By), both in background
region (BN (0) = D,/By). Then this background normalization factor is applied to
background events in signal region (B;), and a number of raw signal S,.,, is de-
fined as data events in signal region (D;) subtract normalized background events
(Sraw = Ds — By * BN(0)). This is the first order calculation. A signal normaliza-
tion factor (SN) can be calculated as the ratio of raw signal to the original signal
events in signal region (SN = S,4,/Ss), and then be applied to signal events in back-

ground region (Sp), to get a first-order background normalization factor calculated as
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Db—SN*Sb

BN(1) = 5 . And we can re-write it as a function of BN(0):
b
Db_DS—BbS*BN(O)*Sb Db—Ds?’ L
BN(1) = s = s+ 2%« 2« BN(0) (313
) S o D BN (313

Note that gz < 1 and i:z < 1, given good separation of signal and background
by NN. Similarly we calculate BN(2) as a function as BN(1) and so a function of
BN(0), and then BN(3) ... BN(N) until it converge. This will be the best fit.
Figure 2.10 shows the NN output of MC after normalization compared against data.

The MC fits data very well.
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Number ofEvents
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NN Output

Figure 3.10 NN output of RES (blue) and DIS (red) 3 track MC events after
normalization, compared against data (black dots).
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Table 3.2 3-track analysis in 14 neutrino energy bins.

E,(GeV) | (E) (GeV) | TotBkg | BN | NormBkg | Data | RawSig Eff CorrSig
2.5~ 6 4.6 74.5 1.089 81.11 256 174.9 | 0.09021 1607
6~ 8 7.1 103.4 | 1.089 112.6 375 262.4 0.1027 2391
8~ 10 9 121.8 | 1.089 132.6 580 4474 0.105 3807
10~ 12 11 127.2 | 1.089 138.5 593 454.5 0.1093 4151
12~ 15 13.5 186.7 | 1.089 203.2 892 688.8 0.1084 6002
15~ 20 17.3 237.2 | 1.089 258.3 1226 | 967.7 | 0.1084 8648
20~ 25 22.3 164.6 | 1.089 179.2 845 665.8 0.105 6220
25~ 30 274 108.7 | 1.089 118.3 549 430.7 | 0.1064 3964
30~ 40 34.3 121.8 | 1.089 132.6 638 505.4 0.104 4629
40~ 50 44.5 58.12 | 1.089 63.27 300 236.7 0.1076 2097
50~ 70 58.6 59.67 | 1.089 64.96 291 226 0.1011 2124
70~100 83.1 42.77 | 1.089 46.56 208 161.4 | 0.1092 1464
100~130 112.8 22.28 | 1.089 24.25 87 62.75 | 0.09704 | 573.9
130~200 154.4 13.61 | 1.089 14.82 38 23.18 0.1031 222.6
sum 25 1442 | 1.089 1570 6878 | 5308 0.1048 | 48308

Signal Measurement

The raw signal events is then calculated as the data events subtract normalized back-
ground events. We do it in 14 reconstructed neutrino energy bins. A efficiency (Ef f)
is calculated as the ratio of RES MC in signal region (Ss) divided by total gener-
Sran/ES .

In this way a total number of

ated RES MC (Sy,) in each bin. Then the corrected signal is Scorr =
The numbers are subject to isoscalar correction.
48,308 £ 1004 (stat) corrected RES signal events is measured. The numbers of events
in each reconstructed neutrino energy bins are converted to true neutrino energy bins
using a smearing matrix calculated from RES MC. The detailed corrected signal cal-
culation in each neutrino energy bin as well as the cumulative result is shown in table
2.2.

Comparisons of kinematic variables in signal region are made after normalization,
including Bjorken scaling variables z;; and y;,;, @?, momentums of muons and hadrons
P,, Py, and P;. They all show good agreement between MC and data (figure 2.16
). An invariant mass is reconstructed using 4-momentum of proton track and pion

track. A clear peak of signal AT mass is seen in figure 2.12. MC describes hadronic
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Table 3.3 Cut table of 2-track analysis.

Cuts QE RES | CCDIS | NCDIS | COH | TOT-Bac MC Data
2-track | 11736.2 | 18212.3 | 73774.8 3.1 4044.8 | 89558.9 | 107771.3 | 46391.0
0 0d 4000.5 | 12767.7 | 47978.3 0.9 1609.2 | 53588.9 | 66356.5 | 27707.0
Q? 2042.5 | 9730.9 | 17084.5 0.7 1572.0 | 20699.8 | 30430.7 | 15817.0
Norm | 1061.6 | 5057.9 | 8880.0 0.4 817.1 10759.1 15817.0 | 15817.0

system very well.

3.7 2-TRACK ANALYSIS

A similar neutral network analysis is performed for 2-track events. The procedure is
similar to 3 track analysis, including event selection, neural network analysis, back-
ground normalization and signal measurement, which will be presented in the follow-

ing subsections.

Selection

The preselection is the same as 3-track, except that we require one positive track
besides the muon track instead of two. we get significant background contribution
from QE and COH as well as DIS. Selection cuts are chosen to be 0.35 < 6%, < 1.0
and Q? < 1 to reduce backgrounds. The number of events passing each cut are shown

in the cut table 2.3.

Neural Network

A neural network is trained to separate RES from DIS using 2-track. It takes 9
variables as input, including x;, ¥s;, @* and the 3-momentums of muon and hadron
track. There are 2 hidden layers, with 6 and 3 neurons respectively, and the single
output is a likelihood indicating signal or background. The distribution of NN output

of MC are shown in figure 2.14.
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Figure 3.11 Kinematics variables of RES (blue) and DIS (red) MC with
normalization in 3-track analysis compared against data (black dots). From top left
torbottonurightrare @i, Q°, P, Pr and B,
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Figure 3.14 NN output of MC, without normalization.

Signal region is defined as NN output greater than 0.4 and background region is

defined as NN output smaller than 0.4, same as in 3-track analysis.

Background Normalization

The same normalization method described in previous section is applied to 2-track
analysis. The normalization result is shown in 2.15 with almost prefect agreement

between data and MC.

Signal measurement

Table 2.4 shows 2 track signal measurement result. It is done in 14 neutrino energy

bins same as used in 3-track analysis. A smearing matrix is used to convert events
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in reconstructed neutrino energy bins to true neutrino energy bins. The numbers
are subject to isoscalar correction. The total number of corrected signal is 51,693 &

1521(stat).
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Table 3.4 2 track analysis in 14 neutrino energy bins.

www.manharaa.com

E,(GeV) | (E) (GeV) | TotBkg | BN | NormBkg | Data | RawSig | Eff | CorrSig
2.5~ 6 4.6 250.7 | 0.9207 230.8 452 221.2 | 0.1372 | 1199
6~ 8 7.1 314.7 | 0.9207 289.8 757 467.2 | 0.1595 | 2499
8~ 10 9 377.8 | 0.9207 347.9 1020 | 672.1 | 0.1593 | 4017
10~ 12 11 378.7 | 0.9207 348.7 1147 | 798.3 | 0.1609 | 4854
12~ 15 13.5 547 0.9207 503.6 1582 1078 | 0.1632 | 6790
15~ 20 17.3 686.5 | 0.9207 632.1 2086 1454 | 0.1606 | 9438
20~ 25 223 469.5 | 0.9207 | 432.3 1464 | 1032 | 0.1637 | 6588
25~ 30 274 308.5 | 0.9207 284 988 704 0.1654 | 4357
30~ 40 34.3 350.5 | 0.9207 322.7 996 673.3 | 0.1635 | 4350
40~ 50 44.5 186.3 | 0.9207 171.5 548 376.5 | 0.1717 | 2215
50~ 70 58.6 181.3 | 0.9207 166.9 510 343.1 | 0.1718 | 2048
70~100 83.1 127.5 | 0.9207 117.4 390 272.6 | 0.1646 | 1662
100~130 112.8 58.1 0.9207 53.49 179 1255 | 0.1783 | 718.1
130~200 154.4 37.91 | 0.9207 34.91 127 92.09 | 0.1715 | 493.9
sum 25 4275 | 0.9207 3936 12246 | 8310 0.161 | 51693

62




3.8 RESuLT

The goal of this analysis is the inclusive RES cross-section (oggs). It is calculated as
the number of corrected RES signal events divided by the NOMAD flux, which are
taken from [25]. The result is also reported here as the ratio of RES with respect to
inclusive v,-CC, times neutrino energy (Rrps = orgs/occ X E,). The advantage of
presenting the ratio is the fact that it would be independent of flux measurement.

The ratio and cross-section are first calculated in 14 neutrino energy bins using
3-track and 2-track measurement separately, shown in figure 2.17 and 2.18. The
3-track and 2-track measurement show good agreement, with some opposite trend,
especially in high energy region. This is understandable, as some A™t decays enters
either 3-track, or 2-track when one hadron track is missing.

Adding up 3-track and 2-track analysis we get a combined result of inclusive RES
measurement. The combined analysis not only increases statistics, but also reduces
some systematic errors. The corrected signal in 14 neutrino energy bins are presented
in table 2.5. The cross-sections and ratios calculated from 3-track, 2-track and the

combined analysis are shown in figure 2.17 and 2.18, with statistic error bars.
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Figure 3.17 Ratio of fully-corrected RES signal with respect to inclusive CC
events. The top plot shows measurement from 3-track analysis (blue) and 2-track
analysis (red). The bottom plot shows the result of combined analysis.
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Table 3.5 Corrected signal events and statistic errors from 3-track, 2-track and
combined analysis.

www.manharaa.com

E, (GeV) | (E)(GeV) 3trk 3trkErr 2trk 2trkErr | Combine | Err
2.5~ 6 4.6 1530 207.9 1140 208 1335 147
6~ 8 7.1 2216 220.3 2385 222.5 2300 156.5
8~ 10 9 3610 255.9 3825 261.8 3715 183
10~ 12 11 3836 249.2 4617 268.6 4197 182.7
12~ 15 13.5 5644 309.4 6483 326.7 6041 224.6
15~ 20 17.3 8296 361.8 9092 388.6 8665 264.8
20~ 25 22.3 5862 308 6251 303 6060 216
25~ 30 27.4 3651 243.9 4120 236.1 3893 169.6
30~ 40 34.3 4412 268.4 4140 247.5 4265 182
40~ 50 44.5 1964 176.9 2074 166.5 2022 121.2
50~ 70 58.6 2021 186.4 1915 161.5 1961 122.1
70~100 83.1 1355 145.7 1547 143.3 1452 102.2
100~130 112.8 535.7 108.1 633.7 87.85 594.7 68.17
130~200 154.4 222.6 69.82 493.9 75.71 347.3 51.32
sum 25 4.831e+04 | 1004 | 5.169e+04 | 1521 | 4.934e+04 | 838.2
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Figure 3.18 Cross-section of measured RES interaction. The top plot shows
measurement from 3-track analysis (blue) and 2-track analysis (red). The bottom
plot shows the result of combined analysis.
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Table 3.6 Selection and NN cut variations for systematic uncertainties evaluation

(3-track)
Lower | Defualt | Higher
Cutl (Missing P,) (GeV) | 0.67 0.70 0.73
Cut2 (Ogaq) (rad) 0.33 0.35 0.37
Cut3 (Praq) (GeV) 2.4 2.5 2.6
NN output 0.35 0.4 0.45

Table 3.7 Selection and NN cut variations for systematic uncertainties evaluation

(2-track)
Lower Defualt Higher
Cutl (A y) (rad) | 0.34, 1.01 | 0.35, 1.00 | 0.36, 0.99
Cut2 (Q?) (GeV?) 0.97 1.0 1.03
NN output 0.35 0.4 0.45

3.9 SYSTEMATIC UNCERTAINTIES

Systematic uncertainties of this analysis comes from two major sources. The first
source is the selection of signal events, including the selection cuts and the cut on NN
output defining signal region in the analysis. The second is the physics modelling of
RES in MC simulations. Both of the uncertainties can be evaluated by varying the
cuts and physics constant values in simulation.

1. Analysis selection cuts. To evaluate the systematic uncertainties from
selection and NN cuts, we vary the cut value to approximately ¢ from the default.
o is defined as the resolution of certain kinematic variables. In this way we get two
deviations from the central value of the measurement for each cut, and the uncertainty
from that cut will be the average of the two. The variations of the selection cuts
are shown in table 2.6 and 2.7. The systematic uncertainties are calculated as the
percentage deviation from the central value, in 14 neutrino energy bins.

2. MC Modelling of RES. We consider the physics modelling of RES used
in GENIE neutrino event generator. The uncertainties come from those physics

constants which are not well defined, such as axial mass (MA), vector mass (MV),

and mean free path (MEP). To evaluate the uncertainties, we vary MA by £20%, MV
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Table 3.8 Physics modelling constant variations.

Lower | Default | Higher

MA (GeV) | 0.90 1.12 1.35

MV (GeV) | 0.76 0.84 0.92
MFP -20% - +20%
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Figure 3.19 Statistic (hatch) and systematic (green) uncertainties in percentage.

by +10%, and MFP by +20% respectively in MC simulation according to GENIE
documents [29]. The MC events are fed into the analysis, both 3-track and 2-track,
and then the combined analysis. The systematic error is calculated as the percentage
deviation from the central value, in 14 neutrino bins as shown in table.

The uncertainties from each source are taken as the average of the +0 and —o
deviation, listed in table 2.9 and 2.10. Finally, the total systematic uncertainties,
along with statistic errors and central values of cross-section and ration of ogrg/occ *

E,, are plotted in figure 2.19, and the detained numbers are in table 2.11, 2.11 and

2.13.
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Table 3.9 3-track systematic uncertainty contributions in 14 neutrino energy bins.

E,(GeV) | Cutl | Cut2 | Cut3 | MV | MA | MFP | Tot
2~ 6 0.3 0.4 03 | 32| 74 1.1 | 8.1
6~ 8 1.0 0.2 0.5 | 22 | 56 23 | 6.6
8~ 10 0.5 0.4 0.5 1.7 | 4.6 14 | 5.2
10~ 12 0.5 0.4 02 | 21|49 ] 21 |58
12~ 15 0.3 0.5 0.3 | 22| 49 1.2 | 5.5
15~ 20 0.1 0.2 0.0 18 | 44 1.7 | 51

20~ 25 0.4 0.2 0.1 2.0 | 4.6 1.0 | 5.1
25~ 30 0.2 0.1 0.4 1.8 | 44 25 | 54
30~ 40 0.3 0.6 04 | 23 | 45 1.1 | 5.2
40~ 50 0.7 | 03 | 09 | 16| 36 | 22 |47
50~ 70 0.3 1.1 04 | 1.8 | 4.0 14 | 47

70~100 0.7 0.9 0.5 | 24 | 45 1.6 | 5.5

100~130 0.7 1.0 0.5 | 25 | 5.0 14 |59

130~200 14 2.0 1.0 | 3.2 | 6.1 1.7 | 7.6

Cumulative | 0.1 0.2 0.1 2.0 | 4.7 1.6 | 54

Table 3.10 2-track systematic uncertainty contributions in 14 neutrino energy bins.

E,(GeV) | Cutl | Cut2 | MV | MA | MFP | Tot
2~ 6 2.4 06 | 62 [126| 09 | 14.3
6~ 8 0.8 04 | 5.7 {109 | 0.5 | 124
8~ 10 0.9 0.8 | 54 |106| 0.9 |12.0
10~ 12 0.9 0.1 | 53 [103| 0.2 |11.6
12~ 15 0.7 0.1 | 52 [10.1| 0.6 |11.5
15~ 20 0.4 04 | 51 | 99 04 |11.2

20~ 25 0.6 0.5 | 51 [100| 0.2 |11.2
25~ 30 1.1 1.1 | 5.0 | 94 0.3 | 10.8

30~ 40 1.0 09 | 53| 98 0.7 | 11.3

40~ 50 2.2 0.5 | 47 | 86 1.1 | 10.2

50~ 70 1.7 0.3 | 5.0 | 9.1 0.1 |10.5

70~100 0.9 0.0 | 4.7 | 8.6 0.3 9.9

100~130 0.1 05 | 42 | 76 1.2 8.8

130~200 2.2 1.8 | 43 | 7.8 0.9 94

Cumulative | 0.7 0.3 52 1 9.9 04 | 11.2
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Table 3.11 Ratio of RES with respect to inclusive CC and cross-section of RES
from 3-track analysis as a function of neutrino energy. Statistic and systematic
uncertainties are shown in percentage.

EV(GGV) <E> (GGV) ORES (1()’380m2) O_RES/O'CC X El,(GGV) Stat.(%) Syst.(%)
2.5~ 6 4.6 0.416 0.529 13.6 8.1
6.0~8.0 7.1 0.437 0.596 9.9 6.6

8.0~10.0 9.0 0.506 0.713 7.1 5.2

10.0~12.0 11.0 0.493 0.702 6.5 5.8

12.0~15.0 13.5 0.500 0.721 9.5 5.5

15.0~20.0 17.3 0.556 0.797 4.4 5.1

20.0~25.0 22.3 0.577 0.831 9.3 5.1

25.0~30.0 274 0.546 0.792 6.7 5.4

30.0~40.0 34.3 0.592 0.890 6.1 5.2

40.0~50.0 44.5 0.535 0.792 9.0 4.7

50.0~70.0 58.6 0.570 0.850 9.2 4.7

70.0~100.0 83.1 0.535 0.800 10.8 5.5
100.0~130.0 112.8 0.502 0.758 20.2 5.9
130.0~200.0 154.4 0.337 0.504 314 7.6
Cumulative 25.0 0.563 0.838 2.1 5.4

Table 3.12 Ratio of RES with respect to inclusive CC and cross-section of RES
from 2-track analysis as a function of neutrino energy. Statistic and systematic
uncertainties are shown in percentage.

EV(GGV) <E> (GQV) ORES (10_380m2) ORES/UCC X EZ,(GGV) Stat(%) SySt(%)
2.5~6.0 4.6 0.309 0.394 18.3 14.3
6.0~8.0 7.1 0.471 0.641 9.3 124
8.0~10.0 9.0 0.536 0.756 6.8 12.0
10.0~12.0 11.0 0.593 0.845 0.8 11.6
12.0~15.0 13.5 0.574 0.828 2.0 11.5
15.0~20.0 17.3 0.610 0.874 4.3 11.2
20.0~25.0 22.3 0.616 0.886 4.8 11.2
25.0~30.0 274 0.616 0.894 5.7 10.8
30.0~40.0 34.3 0.555 0.835 6.0 11.3
40.0~50.0 44.5 0.564 0.837 8.0 10.2
50.0~70.0 58.6 0.540 0.805 8.4 10.5
70.0~100.0 83.1 0.610 0.913 9.3 9.9
100.0~-130.0 112.8 0.593 0.896 13.9 8.8
130.0~200.0 154.4 0.748 1.119 15.3 9.4
Cumulative 25.0 0.603 0.897 2.9 11.2
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Table 3.13 Ratio of RES with respect to inclusive CC and cross-section of RES
from combined 3-track and 2-track analysis as a function of neutrino energy.
Statistic and systematic uncertainties are shown in percentage.

E,(GeV) | (E)(GeV) | orps (10733cm?) | orps/occ x E,(GeV) | Stat.(%) | Syst.(%)
2.5~6.0 4.6 0.362 0.462 10.9 7.1
6.0~8.0 7.1 0.454 0.618 6.8 5.8
8.0~10.0 9.0 0.520 0.734 4.9 4.8
10.0~12.0 11.0 0.539 0.768 4.3 5.2
12.0~15.0 13.5 0.535 0.772 3.7 5.0
15.0~20.0 17.3 0.581 0.833 3.1 4.6
20.0~25.0 22.3 0.597 0.859 3.6 4.7
25.0~30.0 274 0.582 0.845 4.3 4.8
30.0~40.0 34.3 0.572 0.860 4.3 4.7
40.0~50.0 44.5 0.550 0.816 6.0 4.3
50.0~70.0 58.6 0.553 0.824 6.2 4.3
70.0~100.0 83.1 0.573 0.857 7.0 4.8
100.0~130.0 112.8 0.557 0.841 11.4 4.9
130.0~200.0 154.4 0.526 0.787 13.8 5.9
Cumulative 25.0 0.575 0.856 1.7 4.8

3.10 CONCLUSION

A measurement of resonance neutrino interaction is done using NOMAD data. The
result is reported as cross-section and ration of RES with respect to CC. Two channels
are analysed: 3-track events (one muon track plus two hadron tracks) and 2-track
(one muon track plus one hadron tracks). By combining the 2 channels we are able to
get a very precise measurement. A total number of 49,336 + 838(stat) £ 2370(syst)
fully-corrected RES events are measured in NOMAD detector, which leads to the
inclusive cross-section of RES being 0.575 x 10738¢m3. The ratio of RES to inclusive
CC (orgs/occ x E,) is measured to be 0.575(GeV). The statistic and systematic
errors are constrained to 1.7% and 4.8%. The result is consistent with the RS model
prediction (figure 2.4). This is the most precise measurement of resonance interaction

so far.
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CHAPTER 4
RELATIVE FLUX MEASUREMENT AND COSMIC-INDUCED

EM SHOWER IN NOrA DETECTORS

NOvA (NuMI Off-Axis v, Appearance) is a long-baseline neutrino oscillation exper-
iment designed to precisely measure the neutrino mixing angles, CP violation, and
mass hierarchy by observing the oscillation of muon neutrinos to electron neutrinos.
It uses muon neutrino beam generated by the Main Injector (NuMI) at Fermilab
and measures it by the near detector located at Fermilab and the far detector at
Ash River, MN. The NOvA detectors are constructed from extruded PVC modules
filled with liquid scintillator. Two detectors are under construction: a 15 kilotons far
detector which is 15.7 meters wide, 15.7 meters tall, and 78 meters long, and a 222
tons near detector designed as a smaller copy of the far detector which is 2.9 meters
wide, 4.2 meters tall and 15.3 meters long.

Being a v.-appearance experiment, NOvA finds signal v, events by detecting elec-
trons in the final state of charged current electron neutrino interaction (v.-CC).The
biggest background to 1,-CC signal events is from v,-NC events where 7’s from
hadronic showers decay into energetic photons which can fake electron-induced EM
showers. Another important contribution to the background is the intrinsic v, in
the NUMI beam. To reduce the background the particle ID identification algorithm
should be able to correctly identify an EM shower as either from an electrons or a
70, Intrinsic v, events should also be well constrained.

This chapter of the thesis deal with two aspects of NOvA v, measurement. The
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Figure 4.1 The NuMI beam production.

first part of this chapter will introduce the method of low-r flux measurement. It uses
near detector v,-CC data to measure relative flux by tuning the parametrized hadron
production cross-sections. We will show that beam v, can also be constrained by this
method. The second part will present a method proposed by the University of South
Carolina group at 2012 Minnesota collaboration meeting to check EM shower mod-
elling and reconstruction efficiency using cosmic-ray-induced EM showers in NOvA

detectors.

4.1 NuMI BEaM

Main Injector neutrino beam (NuMI) is created at Fermilab by colliding 120 GeV
protons from the Main Injector onto a graphite target. The target is a rectangular
rod 6.4 mm in width, 15 mm in height, and 940 mm in length. The particles produced,
including kaons and pions, are focused by two magnetic parabolic horns. The horns
are able to choose positively or negatively charged particles by using forward horn
current (FHC) or reverse horn current (RHC) so as to generate a beam dominated
by either v, or v, The mesons then decay into neutrinos in the 675 m long, 2 m
diameter steel decay pipe. This length is approximately the decay length of a 10
GeV pion. The pipe is evacuated to ~0.5 Torr to reduce meson absorption and

scattering. A water-cooled absorber is placed at the end of the decay pipe with
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an aluminium core encased in steel to stop any remaining primary and undecayed
secondary particles. The absorber is followed by 240 m of dense Dolomite rock where
any muons passing through the absorber are stopped before they reach the Near
Detector cavern. lonization chambers are used to monitor the remnant hadrons and
the tertiary muon from the 7 and K decays [32].

The NUMI neutrino beam is predominated by v, (92.9%) with small contributions
of v, (5.8%) from p* and 7~ decays. There is a small 1.2% v, component which makes
a background to v, appearance measurement in NOvA detector. The contribution

from 7, is even smaller at 0.1%.

4.2 NOvA DETECTORS

Three detectors are built for the NOvA project: the Near Detector, the Far Detector,
and the Near Detector Prototype [32]. All NOvA detectors are built upon PVC plastic
cells filled with liquid scintilator. The light created by charged particles traversing
the cell is collected by wavelength-shifting fibers(WSF) and converted to electronic
signal by Avalanche Photodiode (APD) photodetectors at the top of each cell (figure
3.2). Two side by side 16-cell PVC extrusions constitute a NOvA extrusion module.
a Front-End Board (FEB) is used for each module to readout signals from the APDs.

The three NOvA detectors have an identical structure and are assembled in al-
ternating layers of vertical and horizontal extrusions as showed in figure 3.3. This
structure enables the detectors to serve both as trackers and calorimeters since 70%

of the mass is active liquid scintillator.

Near Detector Prototype

The prototype of the Near Detector is first assembled on the surface at Fermilab site,
110 mrad off the NUMI beam. The prototype has four blocks, each consisting of 31

planes that are 64 cells wide (2 extrusion modules) and 96 cells high (3 extrusion
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Figure 4.2 The NOvA PVC cell containing liquid scintilator and a
wavelength-shifting fibers(WSF).
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modules), arranged in alternating horizontal and vertical layers. It serves as part of

the R&D effort to test all part of NOvA detectors

Near Detector

The Near Detector is also at the Fermilab site, 14.6 mrad off the NUMI beam. It
is an identical copy of the Far Detector except with shorter extrusion modules. The
detector has six blocks, each consisting of 31 planes that are 64 cells wide (2 extrusion
modules) and 96 cells high (3 extrusion modules) arranged in alternating horizontal

and vertical layers with an additional set of ten planes at the end.

Far Detector

The Far Detector will be located at Ash River, MN, 810.5 kilometres from Fermilab.
Each plane has 12 extrusion modules, 31 such planes form a block, and 5 blocks form
a Superblock. A total of 6 Superblocks plus one smaller set of 3 blocks comprise the
full 1003 planes in the NOvA Far Detector. The far detector will have a total mass

of 15 kilotons and will be 15.7 meters wide, 15.7 meters tall, and 78 meters long.

4.3 Low-v FLuX MEASUREMENT METHOD

Knowledge of neutrino flux is important in neutrino oscillation measurements. How-
ever, there are large uncertainties coming from modelling of hadron production and
neutrino interaction cross-section. Low-v flux feasurement method is a way to con-
strain neutrino flux using neutrino interaction data in near detector [33]. This sec-
tion will present the conceptual idea behind, as well as the general procedure of this
method.

The general differential cross section of neutrino interaction can be written in

terms of structure functions Fy, F5, Fj3:
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do  G2M My Y y

where G is the Fermi weak coupling constant, M is the proton mass, E is the
incident neutrino energy in the lab frame, and x, y are the Bjorken scaling variables.

Using v = E x y, differential cross-section can be re-written as

do Bv C v?
=TGR Aap) (42)
where
G2
A=ZE / Fy(x)d (4.3)
2
B GrM [(Fo(a) F 2Fy(w))do (4.4)
G2 M
C=B- £ /Fg(.’l?)RTERMdI’ (45)
T
142z pry
= v 0 4.
Rrerm 1+ R, > (4.6)

At v — 0 limit the cross-section is independent of energy, which means the
number of events in a given energy bin is proportional to the neutrino flux, up to the
correction of v/FE and (v/E)?

N(E) o ¢(E) (4.7)

Therefore by measuring neutrino interaction with low v we are able to get a mea-
surement of relative neutrino flux.

The procedure of low-v flux measurement follows. The first step is to parametrize
the hadron production cross-sections. The default parameters should be tuned to fit
the near detector MC. The near detector MC is compared against near detector data,
and a standard difference x? is calculated. The fitting software (Minuit[35]) then

minimizes x? by tuning the parameters. For each tuning, a weight is calculated and
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Table 4.1 Default BMPT parameter values from [34].

A(mb/GeV?) | B a B a(GeVTH | v ) To o)
T 62.3 1.57 | 3.45 | 0.517 6.10 0.153 | 0.478 | 1.05 | 2.65
K 7.74 - 2.45 | 0.444 5.04 0.121 | 2+ | 1.15]-3.17

applied to each MC event as the ratio of the value of parametrization function with
new parameters to the one with default. The resulting MC flux will be the measured

relative flux.

4.4 HADRON PRODUCTION PARAMETRIZATION

A BMPT-type function is used to parametrize the hadron production cross-section
[34]:

o

(B

) = AL — 2p)*(1+ Bap)ap” (1 + d (xp)pr + V(zp)pz)e ) (4.8)

where o' (zr) = a/x} and ¥ (zp) = a®/22%, and 2 = p/120.

The ratios of positive to negative mesons 7+ /7~ Kt /K~ are also parametrized:
r(m) =ro(l4+zp)™ (4.9)

r(K)=ro(l —zp)™ (4.10)

There are 9 variables for pion production: A, B, a, (8, a, v, 0, rq and ;. For
kaon production, B vanishes, and § is taken as 2v. In this way a total number of
16 variables are used. Default values of the BMPT parameters are taken from [34],

showed in table 3.1.

4.5 Frux FiT TEST WITH MOCKDATA

We produce the mockdata sample by tuning the BMPT parameters away from default
and applying weight on each event. This study serves as a good test for the low-v fit

technique.
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Table 4.2 Interaction modes selected (ND MC S13-04-09, FHC)

QE [RES | DIS | COH | NC | Tot
Al 5842 | 9102 | 15945 | 198 | 8769 | 39865
Remid > 0.66 | 2296 | 2806 | 3514 | 81 | 230 | 8927
Fiducial | 1132 | 1471 | 1849 | 42 | 137 | 4631

The events are selected using reconstructed information. v,-CC events are selected
by applying cut on RecoMuonID (ReMId), the standard muon identification package
for NOvA. The cut is chosen to be at 0.66 for this test. Fiducial cuts are applied
on vertex position (x, y, z): —140cm < x < 140cm, —140cm < y < 140cm, 50cm <
z < 1200cm. No low-v cut is applied to boost statistics. The interaction mode is
listed according to the truth information before and after the cuts, as showed in table
3.2. ReMId cut successfully cut off most NC events. ~ 0.9% NC are left in the final
sample selected for fitting. 24% are QE, and the rest 75% are non-QE.

The event selected are divided into 2 indepent samples, one as mockdata and the
other as MC. The mockdata sample is re-weighted using a set of BMPT parameters
taken from best fit result in [36] A fitting program based upon TMinuit ([35]) is
developed to fit MC to Mockdata by tuning BMPT parameters. Figure 3.4 shows the
result. TMinuit successfully fit MC to mockdata. The re-weight of 7 and K+ are
shown in figure 3.5 and 3.6.

This study validates the fit technique and the fitting code is ready to take ND

data when available.

4.6 BEAM v, CONSTRAINT

The measurement of v, flux constrain the hadron productions, and therefore also can
be used to constrain v, flux from the same hadron decays.
The v, flux is produced by ut (from 7% decay), K™ and K9 decays: 7t —

wru,, pt — etver,, Kt — nletu., K — 7 efr,. KT is constrained in v,
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Figure 4.4 The fitting result of mockdata test.

measurement, and The ™ can be constrained by 7 fit from v, measurement. K} can
not be directly constrained, but can be estimated by Kt and K~ with the formula:
K = (Kt +3K7)/4. Figure 3.7 shows the measured v, and v, flux deposited by

contributions from pions and kaons.

4.7 CosMic INDUCED EM SHOWER

NOvA finds signal v, events by detecting electrons in the final state of charged cur-

rent electron neutrino interaction (v,-CC). This requires correct modelling and recon-
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Figure 4.5 The re-weight of pion production using BMPT function in the
Mockdata test. The top left plot shows the py/pr distribution of 7+ before the
fitting, and the top right plot shows the pz/pr distribution of 7" after the fitting.
The bottom plot is the weight applied in the py/pr space.

struction of electrons, as well as good efficiency of background rejection. The biggest
background to v,-CC signal events is from v,-NC events where 7% from hadronic
showers decay into energetic photons which can fake electron-induced EM showers.
To reduce the background the particle ID identification algorithm should be able to
correctly identify an EM shower as either from an electrons or a 7°.

It was proposed by the University of South Carolina group at 2012 Minnesota
collaboration meeting that we can check EM shower modelling and reconstruction
efficiency using cosmic-ray-induced EM showers in NOvA detectors.

Cosmic ray muons are produced by cosmic rays interacting with the upper atmo-

sphere. Cosmic muons are abundant in NOvA detectors. Our study shows that the

cosmic muon rates are approximately 72 kHz in the NOvA far detector and 22 Hz in
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Figure 4.6 The re-weight of kaon production using BMPT function in the
Mockdata test. The top left plot shows the pz/pr distribution of K before the
fitting, and the top right plot shows the pz/pr distribution of K after the fitting.
The bottom plot is the weight applied in the pz/pr space.
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Figure 4.8 Simulated cosmic events in NOvA far detector showed as raw digits in
eventdisplay.

the near detector [37].

EM showers can be induced by three types of cosmic ray muon: energetic muons
undergoing bremsstrahlung radiation while traversing the detector, muons decay
in flight (DiF), and muons stop in the detectors and decay into Michel electrons.
Michel electrons have long been used in calibration. However, energy of Michel elec-
trons (<0.5MeV) is small compared to energy region of beam v, events. DiF and
bremsstrahlung muons, on the other hand, provide abundant EM shower samples at
GeV energy region, which, once isolated, can be used to check EM shower modelling
and reconstruction algorithms developed by the v, group.

However, cosmic induced EM shower is not identified and reconstructed in the
current standard reconstruction in NOvA. We therefore need to develop our own
method to find and isolate the shower. I break the procedure into 3 steps.

1. Shower Finding. We need to develop an EM shower finding algorithm to

identify the cosmic muons with EM shower we want.
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2. Muon removal. Once the EM showers are identified, they should be isolated,
in both data and MC, by applying muon-removal techniques to get pure EM shower
samples.

3. EM shower reconstruction and MC/data comparison. The pure EM
shower samples from data and MC will be used to check the EM shower modelling
and reconstruction. A MC/data comparison will be performed.

The details of the three steps above More details will be discussed in the following

sections.

4.8 SHOWER FINDING

Our estimation shows that the rate of bremsstrahlung muons is 51 Hz in the far
detector and that of DiF muons is 0.1 Hz. The rates are small compared to the cosmic
muon rate cited at the beginning of this section. A good shower-finding algorithm
should therefore be able to pick up the muons with EM-shower from a large number
of cosmic muons with good efficiency and purity.

As mentioned before, EM showers in cosmic events are not well-reconstructed.
Part of bremsstrahlung shower hits are reconstructed as belonging to muon tracks;
Electrons from DiF muons are also reconstructed as part of muon tracks. A char-
acteristic of muons in NOvA detectors is that they deposit energy of roughly a mip
in detector cells along the track. EM showers, however, can deposit much more en-
ergy in a small shower region. It is then possible that an algorithm can take the
energy deposition of reconstructed muon tracks over detector planes as inputs and
look for the region where the energy is significantly greater than a MIP. Examples of
Bremsstrahlung and DiF showers are showed in figure 3.9.

We use the following algorithm to find the EM showers.

1. Take the reconstructed muon track, find the energy deposition along detector

planes.
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Figure 4.9 Energy deposition distribution of cosmic induced EM shower in NOvA
detectors. The right figure shows a DiF muon (blue) and the electron from decay
(red).The right figure show a muon with bremsstrahlung shower. Showed from top
to bottom and the reconstructed hit energy in XZ view, YZ view, energy deposition
over planes, and number of cell hit with energy greater than 0.5 MeV.

2. Loop over the planes from the beginning of the track to the end of the track.

3. If we find 5 consecutive planes with energy greater than 2 MIP, we call this
the shower start point.

4. If we find 5 consecutive plane with energy in the range of 0.5 MIP to 1.5 MIP,
we call this the shower end point.

5. If we find both the shower start and end point, then the shower is identified as
Brem. If we find only the shower start point, and reach the end of track without an

end point, the shower is identified as an electron from DiF.

4.9 MuoN REMOVAL

A Muon-Remove program has been developed by NOvA collaboration as a tool to

simulate v,-NC background using v,-CC data [38]. However, this program is designed
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to remove muons in beam v,-CC events and cannot be applied directly to cosmic
events. As a result we have to develop our own Muon-Removal technique.

To do this, we look at the slice where a cosmic muon is found. In the case of
DiF muon the task is relatively simple. With a shower region defined by the shower-
finding algorithm we can just remove all hits outside that region and what left will be
pure electron hits. In the case of bremsstrahlung showers one additional problem is
that we have a muon track inside the EM shower region. Therefore the muon-removal
algorithm should be able to remove hits that belong to muon track with energy of a
mip in the shower region. All other digits in those slices where no shower is found
will be removed.

Figure 3.10 shows a muon with bremsstrahlung shower before and after muon
removal. Figure 3.11 shows a DiF muon event before and ter muon removal using

eventdisplay.

4.10 EM SHOWER RECONSTRUCTION

The showers isolated then are subject to standard EM shower reconstruction. One
example product of RecoJMShower, the standard EM shower reconstruction package,
is showed in figure 3.12. We want to check the shower reconstruction and particle
identification process.

For this purpose, we use the raw digits of electrons from DiF events, and look at
the reconstruction product such as energy and PID likelihood functions. Figure 3.13
compares the reconstructed energy against true energy. They agree well but show
a slightly lower energy from reconstruction. This may be due to missing electron
hits in the selection. Figure 3.14 shows the likelihood functions of electron against
7, electron against p and electron against 7°. The result shows the efficiency of

successfully identifying electrons to be 84%, 86%, and 85% respectively. In this way

we validate the shower reconstruction and particle identification algorithms.
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Figure 4.10 Example of Muon Remove for cosmic events. The left plot shows a
muon with a bremsstrahlung shower. The right plot shows the bremsstrahlung
shower after Muon Remove. Hits outside of shower regions are all removed. In the
shower region, a MIP is removed. First row of each plot is the XZ view in detector;
The second row is the YZ view; The third row is the sum of ADC on each plane;
The fourth is the number of cell hit on each Plane. X axis is plane ID number.

4.11 CONCLUSION

To summarize the NOvA work: two topics are covered in this chapter: flux mea-
surement using near detector data, and cosmic-induced EM showers. As the NOvA
detectors are still under construction, those studies serve as a practice as well as a
validation of the physics idea.

Using low-~ method we have shown the ability to measure relative neutrino flux
using near detector v,-CC data. One of the most important backgrounds to v, ap-
pearance measurement, beam v,, is constrained by this method.

In the cosmic induced EM shower study, we are able to develop an algorithm
which successfully identifies the EM shower and isolates the shower digits. The muon

removal method is able to remove all the muon hits other than the shower. A test
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Figure 4.11 An Electron from DiF cosmic muon before (top) and after (bottom)
muon-removal. The top plots showed true FLS hits, with blue being the muon hits
and red being the shower hits. The bottom plot shows the raw digits of only the
shower with all other digits removed.
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Figure 4.12 Product of RecoJMShower on a electron selected in a DiF event as
showed in eventdisplay.
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Figure 4.13 Reconstructed electron energy from DiF compared to the truth. The
left figure shows the energies in log scale, and the right figure plots the difference
between the two difined as (Reco energy - True energy)/(True energy).
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the efficiency of successfully identifying electrons to be 84%, 86%, and 85%
respectively

reconstruction has been run using standard reconstruction packages on the electron
digits saved from DiF MC events. This reconstruction has been checked against the
truth, which validates the shower-selection process as well as the reconstruction and

particle identification algorithms.
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CHAPTER 5

CONCLUSION

This thesis has presented the measurement of v, appearance towards the discoveries
of neutrino mixing, including the mixing angles, mass hierarchy and CP-violation.
The study is performed on three experiments: NOMAD, NOvA, and LBNE, to cover
different aspects of the measurement, including the signals, the backgrounds, and the
neutrino flux.

The biggest contribution to v, appearance background comes from 7°s in v,-NC.
Chapter 2 uses a method of simulation and hand scan to study the v, signal sensitivity
against NC background. In the oscillation energy region, we find v, efficiency to be
41.2% and NC efficiency to be 1.9%, leading to a FoM of ~30. This study proves a
large Water Cherenkov detector’s capability in serving as the far detector for future
v, appearance oscillation experiments.

Moreover, this study shows that in few-GeV neutrino energy region the inter-
actions have large contributions from RES and DIS besides QE. To maximize the
ve-appearance sensitivity, it is thus important not to bias the selection toward QE at
the expense of RES and DIS channels. A better understanding of cross-sections and
the energy scales of RES and DIS is therefore crucial to future oscillation experiments
such as LBNE.

Chapter 3 presented the measurement of resonance interaction with the best pre-
cision so far using NOMAD data. A total number of 49, 336 + 838(stat) 4+ 2370(syst)
fully-corrected RES events are observed in NOMAD detector, which leads to the cross-

section being 0.575 x 10738¢m3. The ratio of RES to inclusive CC (0rps/occ X E,)
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is measured to be 0.575(GeV’). The statistic and systematic uncertainties are deter-
mined to be 1.7% and 4.8% respectively. This is an important study, not only for the
analysis of current v, appearance measurement, but also for the design of the next
generation of oscillation-searching experiments.

Another examination of v, signal against NC background is performed in NOvA
detectors in Chapter 4 using EM shower induced by cosmic rays. By removing the
muon track we are able to get a pure EM shower sample from bremsstrahlung ra-
diation or decay-in-flight muons. This sample provides an important check of the
EM shower modelling in MC simulation. The EM shower reconstruction and particle
identification is also validated using this method.

The final piece of the v, appearance measurement, the neutrino flux, is also stud-
ied in chapter 4. A low-v technique is developed to measure relative v, flux using
near detector data. This measurement also constrained intrinsic beam v,, another
dangerous background in v, appearance measurement.

All together, this thesis covers different aspects of v, appearance measurement,

and contributes to current and future neutrino oscillation experiments.
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