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1 Abstract

1.1 Plan and aim of Dissertation

This dissertation aims to make a electron neutrino elastic scattering cross section
measurement on carbon. The previous measurements of this cross section was
performed by counting experiment, where the neutrino electron sample counted
in only signal region. In this dissertation the cross section is measured by y2-based
analysis where the background only region is retained in the analysis to constraint
the background events in signal region (details presents in chapter 7). In addition
all the systematics errors on data computed in details and applied to the fit.
Neutrino cross section information in the MiniBooNE energy regime (= 0.8 Gel/)

is important not only for next generation accelerator based neutrino experiments,
but also for the search for dark matter produced in the Booster Neutrino Beamline
in MiniBooNE detector. MiniBooNE was chosen to search for Dark Matter (DM)
because it was already well understood after it had run for about a decade before
doing the dedicated DM search. As neutrinos are the biggest background in the
search for dark matter we need to have a careful measurement of neutrino cross

section and understand the results with their uncertainties very well.

1.2 Layout of this document

Part one of this thesis starts with introduction of the SM of particle physics along
with some details on the weak interaction, and the limitations on SM, also dis-
cusses some aspects of neutrino physics, and opens up the introduction of the
MiniBooNE detector, and DM search at MiniBooNE. Chapter 3 focuses on the
neutrino electron elastic scattering interactions and derives the theoretical neu-
trino electron elastic cross section formulae, moreover presents some previous
measurements. Chapter 4 presents a description of the MiniBooNE experimental
setup, in terms of either the hardware and software; This chapter also provides
the details of the reconstruction algorithm and the particle identification. Chap-

ter 5 provides information on the Monte Carlo simulation with an emphasis on



the models used to generate neutrino electron elastic scattering along with some
of the most dominated background channels in the analysis.

Part two of this thesis presents the analysis and their results. Chapter 6 dis-
cusses the analysis of the process v + e~ — v 4 e~ with the selections applied
on data to extract it. Chapter 7 presents the methods of measuring uncertainties.
All sources of uncertainties on the data included, the measurement of the neutrino
electron elastic scattering computes by fitting the Monte Carlo to the data, and the

results are presented at the end.



2 Introduction

The Standard Model (SM) of particle physics was postulated in order to under-
stand and explain all of the basic matter and the fundamental interaction among
them. The model provides a precise description of the fundamental particles and
how they interact. Although this model is a successful scientific theory and can
explain what we know about the universe in most aspect, it seems to be inac-
curate in a few components. For example, the SM fails to explain the origin of
flavor mixing [10]. Therefore, extensions beyond the SM are needed to explain
the missing parts, and investigations of these extensions are what make the field
of experimental particle physics so interesting.

This chapter presents a brief overview of the SM with focusing on neutrinos

and some limitation on the SM which are related to neutrino physics.

2.1 Standard Model Particles

A list of spin 1/2 particles in the SM is shown in Table 2.1. These particles,
called fermions, arranged in doublets in increasing order of mass and forming
three generations (I, II, and III). The most of the known universe is made of the
particles from the first generation. The second and third generation particles are
created at particle accelerators or cosmic rays and decay quickly into the particles
of the first generation. The leptons, light particles, do not interact via the strong
force while the quarks can interact with matter through any of the fundamental
forces: strong, weak, or electromagnetic (EM). Moreover the neutral leptons, or
neutrinos, are more restricted in interaction with matter, the neutrinos interact only
via the weak force.

A different type of particle with spin 1, called Bosons, are force carrier (inter-
mediate) particles. They are listed in Table 2.2 with their basic forces of interac-
tion. The photon and the gluons (force carrier of the electromagnetic and strong
interaction respectively) are massless, and the weak bosons (force carrier of weak

interaction) are massive; M+ ~ 80GeV and Mo ~ 91GeV).



Classification Particles Forces
I 11 III
u(up) c(charm) t(top)
Quark Strong, Weak, EM
d(down) s(strange) b(bottom)

Ve vy, v, Weak
Lepton

e W T Weak, EM

Table 2.1: A partial list of Standard Model particles with their broad classifications
(left column), names (center column, grouped by family), and forces by which
they interact (right column).

H Force

Participants

Mediator Particle(s) H

EM

all fermions except v

v

Weak

all fermions

w20

Strong

only quarks

glouns

Table 2.2: Mediator particles of Standard Model with their basic force of interac-

tion.

A list of all the quantum numbers of the quarks (leptons) are given in Table

2.3 (Table 2.4).




Quarks Q I3; S C B T Mass
u  +2 42 0 0 0 O 2.3 IMeV
d -+ -1 0 o0 o0 o0 4.8T0 T MeV
c -+ 0 -1 0 0 0 1275+0.025GeV
s 43 0 0 +1 0 0 95 £ 5MeV
t -+ 0 0 0 -1 0 1735+0.6+0.8GeV
b +2 0 0 0 0 +1  418+0.03GeV

Table 2.3: List of quarks with their quantum numbers and mass. Q: electric
charge, I5: 3rd component of isospin, S: strangeness, C: charmness, B: bottom-
ness, T: topness. These quantum numbers change their signs for anti-quarks. The
values for the masses are from Ref. [8].



Leptons Q L. L, L, Mass

e -1 +1 0 0 0.511MeV

Ve 0O 41 0 O < 3eV

7 -1 0 +1 O 106MeV

v, 0 0 +1 0 <0.19MeV

T -1 0 0 +1 1.78GeV

Uy 0O O 0 +1 <182MeV

Table 2.4: List of leptons with their quantum numbers and mass. Q: electric
charge, L.: electron number, L,: muon number, L.: tau number. These quantum
numbers change their signs for anti-leptons. The values for the masses are from
Ref. [8].



There is one more particle postulated in the SM, Higgs boson (/) with spin 0.
The Higgs field (the Higgs’s corresponding field which was proposed before the
Higgs boson itself) is responsible for giving mass to all Dirac particles in the SM.
When particles interact with the Higgs field, they feel the field by absorbing and
emitting "virtual Higgs" (mediated Higgs). The real Higgs particle appears when
the field’s energy is flared up in a certain point.

After postulating of existing the Higgs boson, detecting it became the next
goal. Since the theory did not predict the mass of the Higgs boson, the amount
of energy needed to create it was a mystery. After years of planning the Large
Hadron Collider (LHC), an massive experiment to potentially detect the theory
of the Higgs boson, designed and started taking data. The existence of the Higgs
has been reported recently by the ATLAS and CMS experiments at the LHC, they
reported the mass in about 125 GeV [11,12].

Moreover, cosmological observations suggest that our universe contains dark
matter (DM), although we have no measurements of its microscopic properties.
DM first proposed by Fritz Zwicky in 1933 [13]. Zwicky calculated the mass to
light ratio of the Coma cluster by combining the Hubble’s and van Maaen’s re-
sults, his study showed the total matter density needed to be about hundreds times
the amount given by luminous matter to explain the Hubble’s and van Maanen’s
results. In order to explain the result Zwicky suggested the existence of a dark
particle. Three years later, in 1936, Sinclair Smith did a similar study for the
Virgo cluster [14]. However it took more than 30 years for the physicists to accept
DM as areal particle. Although the evidence of DM has been proved from a wide
range of cosmological scales such as galaxies, clusters, cosmic microwave back-
ground (CMB), and gravitational lensing, its interaction with the SM particles is

still a mystery.

2.2 Neutrino in Standard Model Particles

in 1930, after observing the missing energy in radioactive nuclear beta decay
(n — p+ e + 1), Wolfgang Pauli suggested the existence of invisible parti-



cle coming along with the electron and carrying the missing energy. This particle
has to interact with matter extremely weakly in order to explain why it had not
been observed in experiments [15]. In 1954, Reines and Cowan designed the first
experiment and successfully detected the Pauli particle during the inverse beta
decay (7 + p — n + et) [16]. The two other flavors of neutrino, which were
postulated in the SM, have been observed directly in the following years. In 1963
, muon neutrino discovered from pion decay [17] at Brookhaven National Labo-
ratory and in 2000, tau neutrinos discovered from decay of charmed mesons by
the DONUT experiment at Fermilab [18].

After detecting the proposed neutrinos in the SM, the next step was to ex-
plain its interaction with particles. Neutrino interactions occur restrictedly through
weak interaction via exchanging of two massive bosons: W and Z°, as shown in
Table 2.2. Exchange of a Z° is called a Neutral Current (NC) interaction, and ex-
change of a W+ or W~ is called a Charged Current (CC) interaction. When a W+
is mediated the interaction, charge conservation requires that a charged lepton exit
the interaction, while the NC interaction can occur for any fermions.

Another unusual nature of neutrinos, in addition to the restricted interaction,
is its handedness. Handedness is related to helicity. Helicity is defined as the
projection of a particle’s spin (o) along its direction of motion p. The helicity
gets positive (negative) value when spin aligned along (opposite) the direction of
motion. Therefore the sign of the particle’s helicity is frame dependent means that
by boosting the particle to a frame which moving faster than speed of particle the
sign of the momentum will change but the spin will not, this makes the helicity
flips the sign.

In the case of massless particle like SM neutrinos, where boosting the frame
is impossible, handedness is identical to helicity. A massless fermion is either
entirely LH or RH. On the other hand, since the helicity is not an "intrinsic" prop-
erty of massive particles, a property exists, called Chirality, which is equivalent to
helicity in the massless limit and frame independent to the massive particle. The
Chirality projection component matrices (RH (Pr) , and LH (Fp)) are related to



Pp = 2.1)

(2.2)

It is alway possible to split a spinor field u into its chiral LH and RH component
such that

u=1ur+u;, where wugp = Pgru and wup= Pru (2.3)

By substituting the spinor field with the LH and RH components in the Dirac
Lagrangian, the LH and RH components get independent kinetics terms but they
couple by the mass term. This demonstrates that the space-time evolution of the
chiral fields ug and uy, are related by mass.

The details on Hamiltonian of weak interaction presents in section 3.1.

2.2.1 Limitation on Standard Model

There have been some experimental observations which show the SM predictions
are incompleted - like the muon anomalous magnetic moment [8] and the phe-
nomenon of neutrino oscillations and its consequence, i.e., massive neutrinos [19].

After discovery of neutrinos, physicists were looking for their physical proper-
ties like masses. The experiments have directly searched for neutrino masses have
only been able to set upper/lower limits, the current bounds show in Table 2.4.
Since the v, is consistent with the massless particle (Pauli particle) massless neu-
trinos added to the SM. However, after observing missing solar neutrino in some
experiments the final hypothesis postulated neutrinos as massive particles. The
mass of the particles make them able to transform from one type to another over

the space-time in a phenomenon known as neutrino oscillations. Next section



provides some details on this phenomenon.

2.3 Neutrino Oscillation

The phenomenon of neutrino oscillation postulated to explain a mystery of the
solar neutrino problem. In 1968 Davis et al. performed the first in a series of ex-
periments to measure a deficit in the number of neutrinos observed coming from
the sun as compared to the solar models [20]. Other experiments were designed
in the following years with the same purpose, In 1988 Kamiokande experiment
observed the same deficit in solar neutrino [21]; in 1998, after suggesting that
neutrino are oscillated in flavor, Super-Kamiokande designed to become sensitive
to other flavors of neutrinos [22]; and finally after the Sudbury Neutrino Obser-
vatory (SNO) experiment, the first detector sensitive to all three neutrino flavor,
published the results in 2002 [23] Ray Davis received the noble prize on solar
neutrino observation. In 2003, the reactor-based KamLLAND experiment provided
some explanation of the neutrino oscillation parameters. In addition, accelerator-
based experiments (K2K [24] and MINOS [25]) have also confirmed the atmo-
spheric neutrino oscillations.

Neutrino oscillation is a quantum mechanical phenomenon in which a neutrino
of a specific lepton flavor oscillates in its flavor after traveling some distance.
The oscillation in short (long) scale means neutrino has definite flavor (masses),
but three or more possible masses (flavors). In principal, each flavor eigenstate
(ve, vy, and ;) is a coherent superposition of the mass eigenstates (11, 5, and v3),
and their mixing is represented by the Maki-Nakagawa-Sakata (MNS) matrix -

similar to the CKM matrix in the quark sector [8]

3
v = Z UmVim Where [=e, pu,T. (2.4)

m=l

U i1s the unitary MNS matrix; it is a 3 X 3 matrix relating the three flavor eigenstates
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with the three mass eigenstates:

Uel UeQ UeS

U=1Un Up Uys

UT]. U7'2 UTS
1 0 0 _is (231
C13 0 si3e7* cl2 S12 O ez 0 O
0 c s ia
= >3 * 0 1 0 —S12 C12 0 0 € 22 0
0 —s c )
N B N e 0 0 1 0o 0 1

(2.5)

where the three mixing angles can be defined by , ¢;; = cosb;;, s;; = sinb;; , and
0 is the CP phase. «; and a» are non-zero if neutrinos are not Dirac particles [26].

The probability of oscillation between two flavor states, in vacuum, is given by:

L
Prpo, = 0y = 4 Re(UyUpla;Upy)sin® (Ami =)
=3 (2.6)
2N Im(U U Uy Usy) sin? (A2, 2
+ Z m(Uy;UsiUajUy;) sin® ( mij4Ey)v

1>7

where 0, is the Kronecker delta, U,; is the lepton mixing matrix element with
flavor index a and mass eigenstate index j, Am?; = m; —m is the mass squared
difference between the mass eigenstates v; and v;, L is the distance between the
source and the detection of the neutrino, and £, is the neutrino energy.
Considering the simple case of two generation mixing with the assumption of

Dirac particle neutrinos makes investigating the probability easier. The mixing
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matrix in this simplified case is:

Vel _ co§9 sinb 2] 2.7)
Yy —sinf  cost Vo

and the oscillation probability formula is reduced to

. 1 — sin®20sin® (1.27TAm*L) if a=1b 2.8)
T sin20sin? (1.27Am2 L) it a#b '

In the above equation we use in standard units for neutrino oscillation experiments

Am?2,L 3
4; o Ami,y(kg?)

(2.9)

In addition to dependency on neutrino mixing angel (f) and the mass differ-
ences (Am?), the probability to see oscillations also depends on two experimental
parameters, L, the distance from the neutrino source to the detector, and F, the
neutrino energy. In the experiment which designed very close to the neutrino
source, the probability of observing the oscillations will be very low. In principle,
the experiments are designed in terms of neutrino energy and the distance from
the neutrino source in a way that can probe the interesting region of Am? and
s1n?20.

The current values of neutrino oscillation mixing parameters from the Particle
Data Group in 2012 [8] present in Table 2.5.

2.4 The MiniBooNE Oscillation Search

The Mini Booster Neutrino Experiment (MiniBooNE) at Fermilab was designed
to test the Liquid Scintillator Neutrino Detector (LSND) signal [27]. The details
of the experiment will be discussed in Chapter 4, but a brief overview presents
here along with the predicted oscillation sensitivity.
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Parameter best-fit (£10)

Am?, 758 1532 x 107°eV?

IAmZ,| 235 1012 x 1073eV?

sin%612 0.306 0018
sin%6a3 0.43 008
sin%6;3 0.025 +0.0034

Table 2.5: Current values of neutrino oscillation mixing parameters.

MiniBooNE, like LSND, is an accelerator-based oscillation experiment. The
neutrino beam is created by directing 8 GeV protons from the Fermilab Booster
onto a beryllium target installed inside the magnetic horn. Proton interacts with
Beryllium target and produces a secondary beam of mesons. Mesons sign selected
and go to decay region where decay to neutrino and produce the beam with mean
energy of ~ 750 MeV. The detector is located 541m from a neutrino source in
the Booster Neutrino Beamline (BNB). This design results in an experimental %
of ~ 0.72m/MeV which is similar to that of LSND ( £ =~ 0.75m/MeV). The

two experiments are sensitive to the same ranges in oscillation parameter space.

2.5 Dark Matter Beyond The Standard Model of Particles

As mentioned earlier, dark matter was not predicted in the SM of particles, and
the properties of its interaction is not well understood. But observations show
that our universe contains dark matter. Using neutrino detectors to search for low-
mass DM is logical due to the similarity of the DM and neutrino signatures in the
detector.

The MiniBooNE experiment has produced the first proton beam-dump light
DM search results by steering the boosted proton beam to off-target and reduced

the neutrino flux. Moreover running in off-target mode made the neutrino energy

13



spectrum softer compared to neutrino mode running (details on the neutrino mode
flux presents in section 5.1). Using DM scattering from nucleons, MiniBooNE
did not observed any significant excess over the background. 90% confidence
limits were set over a large parameter space in the vector portal light dark mat-
ter model [28], testing the vector portal model with MiniBooNE off-target data
showed that MiniBooNE for the DM mass (m,) between 100 MeV to 400 MeV
excludes new parameter space in comparison with previous direct detection re-
sults.

Also, in order to test of other theories, a model independent DM rate was ex-
tracted (by performing the general excess search). Moreover, MiniBooNE tested
the Leptophobic light DM model. The model is defined by adding a baryonic
current to the vector portal model Lagrangian, which suppressed the lepton in-
teractions, and setting the kinetic mixing angle between the dark sector and SM
particles to zero.

It should be noted that experiments on proton fixed target have high sensitivity
to the Leptophobic light dark matter model by searching for neutral current elastic
(NC-Els) and inelastic A signatures in their detectors. In the Leptophobic light
dark matter model MiniBooNE excluded a large range of new parameter space.
The details of this study on MiniBooNE DM, and the off-target flux can be found
in Ref. [29].
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3 Electron Neutrino Elastic Scattering

After Wolfgang Pauli proposed the existence of the neutrino in 1930 [15], Enrico
Fermi was the first physicist to work out the theory of the interaction by analogy
with the electromagnetic interactions. His interaction Lagrangian with no propa-
gator equivalent to,

Gr

Lyeak = \/5 (1_9’7an) (E’yu V) (3.1

where 7* are the Dirac gamma matrices and G is the Fermi constant.

Fermi predicted a value for G for the first time, which is now known to be
1.166 x 10~5GeV ~2. His theory works fine in low energy region but breaks down
in high energy, so, the modification was necessary in his simplified theory.

In 1956 T.D. Lee and C. N. Yang [30] after investigating of the decay paths
of strange mesons 7 and #, which seemed to be identical particles, observed that
they decayed differently (7 to an parity odd state(r+, 7+, and 7~) and 6 to a parity
even state (71, 7°, and 7°)). So, they suggested that parity may be violated in the
weak interaction. One year later C.S. Wu et al. [31] experimentally proved that
left-handed and right handed electron behave differently in the nuclear beta-decay
of ©°Co, and concluded that parity is violated in weak interaction.

In 1958 Sudarshan and Marsak modified the Fermi theory in order to insert
the observed parity violation (V' — A model (vector minus axial vector)) [32]. In
the same year, Feynmann and Gell-Mann [33] independently arrived at the same
conclusion. The proposed interaction Lagrangian with their modification written
as following:

Luseak = % (P (1 = y5)n) (Evu (1 — 75)v) (3.2)

where v5 = 170717273 -
In this chapter, the general weak interaction Hamiltonian is presented, then it
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is used to calculate the electron neutrino elastic scattering cross section. The kine-

matics of the interaction is shown to get the interaction’s essential characteristics.

3.1 Weak Interactions Hamiltonian

The modern view of the weak interaction is mediated by the exchange of massive
W and Z bosons. In most experiments, even in high-energy region, the energy of
the process is much smaller than the masses of weak mediator particles (W and
Z which are of the order of 100 GeV [34]). In this low energy process, the gauge
boson propagators in momentum, is far off shell, can be approximated to the point
like in Feynman diagram, which results in an effective four-fermion interaction.

The general Hamiltonian governing the process vf — [/v + f’ can be written as

4G 1— 1
weak’ — {_/_ } W’YM (.gL T + 9r - 75)f:| + h.c (33)

2 2

where f, f’, [ and v stand for an initial and final state fermion, lepton and neutrino
respectively, g7, and gg are the weak Neutral Current chiral couplings, -, are the
standard Dirac matrices and 75 = iy9y17273. This modern Hamiltonian does in-
clude parity violation which one can not find in Fermi’s theory. The factor - = is
a projection operator for left-handed states of fermions and right-handed states of
anti-fermions. This furnished Hamiltonian, also, indicates neutrino participating
in weak interaction is entirely left-handed.

The above Hamiltonian of weak interaction can be used to compute the cross
section of both NC and CC interaction. Noting that the parity is maximally vio-
lated in CC interaction, however in the case of NC interaction the couplings are
in terms of the electromagnetic and weak couplings, from the electroweak uni-
fication theory, with the value of the weak Neutral Current chiral couplings for
each fermion coupling specified in Table 3.1. Note the right-handed neutrino has
no weak couplings, neither in the neutral nor the charged current, which makes it

unique among the fermions.
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Z coupling | Jr \ 9R | gv | 94 |
v 12 0 12 1/2
e, T —1/2 + sin® Oy sin? Oy —1/2+2sin’ Oy | —1/2
u,c,t 1/2 — (2/3)sin*0w | —(2/3)sin*0y | 1/2 — (4/3)sin*Oy | 1/2
d,s,b —1/2+ (1/3)sin?0y | (1/3)sin*Oy | —1/2+ (2/3)sin*Oy | —1/2

Table 3.1: Value of g1, gr, gv, and g4 for fermions where 0y is the weak mixing
angle or Weinberg angle [9].

3.2 Electron Elastic Scattering Cross Section

With explanation of the weak interaction in previous section, we are ready to cal-
culate a electron neutrino scattering cross section. In this section, the physical
cross section of the interaction are calculated using on the Feynman diagram as-
sociated to it.

3.2.1 Feynman diagram

The simplest and cleanest neutrino interaction that can be considered is electron
elastic scattering, where an incoming neutrino interacts with a free fundamental
particle, electron, causing the electron to recoil but leaving no other experimen-
tal signatures. The Feynman diagrams for electron elastic scattering is shown in
Figure 3.1.

The amplitude for NC interaction gives by the equation below,

2

Mye = —i—
Ne Z40039‘/[/]\4§

[@(gv" — gar'y)un] [@a(gyy — gamuy’)uz]  (3.4)
On the other hand, for CC elastic interaction that can occur for v,, by considering
the different mediator and coupling gives by the amplitude below,

2

Moo = —
cc ZSMW

[us(y" — "y ] [ (e — ) uz] (3.5)
in which
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vq(1) V,(3) Vv, e

c2) e(4) /;/\:\

Figure 3.1: Feynman diagrams for electron elastic scattering. (left) All three neu-
trino flavors (o = e, i, 7) can undergo NC scattering off an electron. (right) For
v, there is an additional CC mode.

.

* w is Dirac spinors (it has both left-handed, and right-handed handedness com-
ponents u = ugr + uy. The separated Dirac spinor is given in Table 3.2;

* g is coupling-strength;

Mz (M) mass of Z (W) boson;

* ga, and gy are axial-vector and vector vertex factors (Table 3.1). Their relation

to the handedness coupling are given by gy = g1 + gr , 94 = 9L — 9gR;

’ Particle \ Anti-Particle ‘
up=5(1—")u | vy =351+~
Up = %(1+’y5)u Vg = %( — )
a = 5u(l++°) | 7 = 57(1 - 1)
g = 3u(l —7°) [ 7 = 57(1 +7°)

Table 3.2: Dirac spinors separated out using the chiral projection operators ~°

The averaged amplitude of NC(CC) interaction equation(3.4)(equation(3.5))
over incoming spin states, and the summation of it over outgoing spin sates({| M|?))
gives the cross section of the process.

Form the point like Feynman diagram approximation of the low-energy pro-
cess (by considering the effective four-particles with single vertex) we can obtain
the relation between Fermi constant and the coupling constant of NC and CC in-
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teractions

Gp 92
cc. 2E__9_ 3.6
55T (3.6)

2
Ne: G 9 (3.7)

V2 8M 2cosb3,
These notations allow us to write the low-energy Lagrangian of the electron neu-

trino elastic scattering events (Figure 3.1) in the compact form

Gr,_ _
L(Vae—auae—) = —7;[7/047’3(1—75)%][6%(9%/—95475)6] Where(a =GN, 7-) (38)

G
L(uee*—wee*) = _7;[V67p<1 - 75)1/6”6«1 + gi/) - (1 + 954)75)6] (39)

After tedious calculation, the differential cross section of the process v; +¢; —

vy + ey is equivalent to,

dO- G%v 2 2 Q2 2 2 Q2
el 1— - —
dQ? T [gl +95( 2pui-pei> gngmeQ(pw‘-pei)Q}

(3.10)

where (% is negative four-momentum transfer (Q? = —¢* where ¢ = p,; — p, ),
Duis Pei> Pv s and p. s are initial and final momentum of neutrino and electron, and

quantities of g; and g, depend on weak mixing angle as shown in Table 3.3.

Ll [ o | e | P
g1 % + 5inOy, sin’Oyy —% + 5inOy, sin’ Oy
Jo sin20y, % + sin?Oy sin*0y, —% + sin’Oy

Table 3.3: Value of gy, g» for different neutrino flavor in the general differential
cross section equation (3.10).

In the laboratory frame where IZZ = 0, we can have Q? = 2m.T., where
T, is the kinetic energy of the recoil electron. The differential cross section as a

function of the energy of recoil electron can be written as
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do 2chme
E,,, Te =
dTe( )

T. mel,
2 201 _ 2 _ eleyy
g7 + g5( g, 9o 2 )]

From the energy-momentum conservation in laboratory frame we can have

(3.11)

the energy of the recoil electron in terms of electron scattering angle (shows in

Figure 3.2)

2m. E?cos?0
T, = . 3.12
(me + E,)? — E2c0s?0 (3.12)

therefore the differential cross section as a function of electron scattering angle is

>
Vv
Figure 3.2: Geometry of the neutrino scattered off electron.
given by
do 2G%m?  AE*(m. + E,)?*cos0 2m.E,cos*0
Ey 0) = F''% v e v 2 2 1— e—v 2
dcose( ;cost) 7 [(me+ E,)? — E2c0s%6)? Lingl (me+ E,)? — El%cos?@?)
2m?cos?0
mzcos } (3.13)

B (me + E,)? — E2%cos?0
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3.2.2 Total Cross Section

The results of total electron neutrino/antineutrino elastic scattering for different
neutrino/antineutrino flavor at the tree level Feynmann diagram with the assump-
tion of negligible neutrino masses (m, =~ 0) and sufficiently high energy interac-
tion, where the electron mass is small compare to the total energy of the process
(s = (Ey; + Eei)2|@:0 = 2m.FE,; where E,, > m,), are shown in Table 3.4.
Adding the loop Feynmann diagram integrates to an approximately 1% effect on

the total cross section.

Process  Total cross section (x 10~ ¢m?)
ve+e  (GimE,/2m)[(1 4 2sin*6w)? + 3sin*Oy | ~ 9.5E,/MeV

Ue+e  (GimeE,/[2m)[5(1+ 2sinbw)? + 4sin*Oy ] ~ 4.0E, /MeV
Vpr + € (GEmeE,/2m)[(1 — 2sin®6yw )? + §sin*Ow | ~ 1.5E,/MeV

Uur+e (GEm.E,/2m) [5(1 — 2sin*0w )* + 4sinfw | ~ 1.3E, /MeV

Table 3.4: Total electron neutrino/antineutrino elastic scattering cross section
where E, > m, for different neutrino/antineutrino flavor

The electron neutrino elastic scattering in the MiniBooNE is simulated at the
tree level with standard model assumption. The purpose of this thesis is to find
the total cross section of v, scattering off the electron in the experiment.

3.3 Kinematic of The Electron Neutrino Elastic Scattering

As mentioned earlier in previous section, the energy of electron recoil in labora-
tory gives by the equation 3.12, from this equation the electron scattering angle
then can be written as

T, me + F,

- 14
cost Te+2m. E, G-14)
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When E,, > m,, which is a realistic assumption with boosted neutrino, cosf =~ 1,
means that the final state electron of the elastic scattering v, + e~ — v, + €~ is
emitted in very forward direction with respect to the incident neutrino beam. This

criteria is crucial to the selection of this channel (chapter 6).

3.4 Experimental methods

As already pointed out, electron neutrino elastic scattering demonstrates experi-
mentally as a single forward scattered electron. This signature and the small cross
section ask for the experiment and devices with specific characteristics. First,
an intense neutrino beam and a large target mass are required to overcome small
event rates. Second, good electron identification and reconstruction are extremely
vital. Especially an angular resolution in the same order of magnitude as the small
scattering angles requires to make it possible to detect the very forward recoil elec-
tron. Third, the detector should have a good discrimination power to distinguish

irreducible background events (single photon).

3.5 Previous Measurement

Muon neutrino electron scattering

The study of muon neutrino electron scattering was only possible when in-
tensive muon neutrino beams could be provided. At high energy accelerators the
source of neutrinos are weak decays of kaons and pions produced by protons in
an external target. The mesons are focussed and charge selected by magnetic
lenses (horns) before entering a decay region where part of them decay mainly
into muons and muon-neutrinos. The surviving hadrons and muons are stopped
in massive shielding. Changing the polarity of the magnetic lenses leads to either
neutrino or antineutrino beams. However muon neutrino beams are not pure (de-
tails are presented in section 5.1).
Electron neutrino electron scattering

Compared to the muon neutrino sector the number of experimental results in

electron neutrino electron scattering is still rather poor. This has two reasons, first
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pure electron neutrino beams are more difficult to produce than muon neutrino
beams and second v.- and .- beams are much lower in energy, so that large
event rates are difficult to achieve.

Table 3.5 summarized the results from some neutrino electron scattering ex-

periments.
Experiment o(v.e)/E,(x 107%em?MeV ™)
Gargamelle (PS) [35] < 14
Aachen-Padova (PS) [36] 1.14+0.6
Gargamelle (SPS) [35] 24152
VMWOF (FNAL) [37] 1.4+0.3+0.4
BNL-COL (AGS) [38] 1.67£0.44
CHARM (SPS) [39] 22+04£04
BNL E734 (AGS) [40] 1.8 +£0.2+£0.25
CHARM-2 [41] 1.53 £0.04 £0.12
o(vee)/E,(x 107 em?MeV 1)
LAMPF E225 (LAMPF) [42] 10.0£1.5£0.9

Table 3.5: Total cross section for all electron neutrino scattering experiments
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4 The MiniBooNE Experiment

As mentioned earlier in Section 2.4, the Mini Booster Neutrino Experiment (Mini-
BooNE) located at Fermi National Accelerator Laboratory in Batavia, Illinois,
was designed with the same distance over energy as LSND ((E%) MiniBooNE ~
(E%) Lsnp) in order to test the LSND experiment with the same sensitivity to os-
cillation parameter space (Am? vs. sin?(20)). On the other hand, MiniBooNE
is operated in higher neutrino energy (F,) (to increase the cross section of the
interaction) and longer baseline with different oscillation signature and different
systematic uncertainties as they were for LSND.

MiniBooNE collected more than 1 million neutrino interactions on pure min-
eral oil (C'H») with the primary purpose of answering LSND signal. Moreover
the high statistics data enabled the experiment to study on non-oscillation physics
such as the cross section measurement which this thesis presents.

This chapter starts with describing the detailed setup for generating the neu-
trino/antineutrino flux. Next it gives a description of the detector. Finally it

presents the prediction for both the neutrino flux and the detector response.

4.1 The MiniBooNE Experiment

Figure 4.1 shows a schematic representation of the experiment. The 8 GeV kinetic
energy protons, from Fermilab’s proton synchrotron (Booster), hit the Beryllium
target which is installed in a device called a horn. Horn uses a toroidal magnetic
field to focus the charged mesons created in the proton-Beryllium interactions.The
magnetic field inside the horn selects the positive (negative) sign of the mesons in
neutrino (anti-neutrino) mode. The sign-selected mesons directed to a 50 meter
decay region where most of the mesons decay to create the tertiary beam of neu-
trinos. Any mesons that do not decay in this region are stopped by an absorber
at the end of the decay region. The tertiary beam, mostly muons and neutrinos,
travel through ~ 500 meters of earth to reach the detector (the details of each of
stages presents in following section). Since the earth stops all charged particles,

the beam is purely neutrinos by the time it reaches the detector. The detector

24



consists of a 610cm radius spherical tank made of carbon steel. It is located in
a cylindrical concrete structure that is below ground; the top of the detector is at
grade level, but it is covered by 3 meters of earth to reduce cosmic rays entering
the detector.

oscillations?
Vp |l o
protons ' - v |l
(8 GeV) ) ’
' KN
target and horn
decay region " detect
not to scale (50 m) irt etector
( ) (~500 m)

Figure 4.1: A schematic representation of the MiniBooNE beam-line and detector.

The detector is facilitated with photomultiplier tubes (PMT) and filled with
800 tons of mineral oil. It is separated into two optically isolated regions: the
inner "tank" (signal) region and the outer "veto" region.

The neutrinos may interact with nucleons/electrons in the detector medium
and produce both Cerenkov radiation and scintillation light as the charged parti-
cles from the interactions travel through the material inside the tank. The light is
detected by the PMT, and the pattern of light in the tank region is used to tag the
type of the particles. The veto region detects charged particles entering or exit-
ing the tank region; it is primarily used to reject cosmic muons. Additionally, the
veto region facilitates the identification of the events that create from interactions
outside the detector (in the dirt) but find the way to enter inside the detector.

4.2 The MiniBooNE Neutrino Beam
4.2.1 Primary Proton beam

The primary protons generate from hydrogen gas which is ionized into H, ions
and accelerated by the 750 kel electrostatic gap at the Cockroff-Walton generator.
The accelerated f{, ions are directed to the linear accelerator (LINAC) and leave
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it with 400 M eV kinetic energy. The [~ ions pass through a stripping foil which
converts them into H™* ions (protons) then enter into the next accelerator, the
Booster. Note that the negative hydrogen ion has chosen as the particle to create
proton beam in accelerator facilities because the charge exchange interaction to
convert /1, to proton can double the accelerating voltage and create high current
proton beams. Moreover the ion’s charge polarity can be inverted by removing two
electrons as it passes through a thin stripping foil and generating a bare proton.
The proton beam kinetic energy is boosted to 8.89 GeV in Fermilab Booster, a
468m circumference synchrotron, and sent to the Main Injector. Beam is extracted
from a single turn, done by a kicker magnet, in the Booster ring. Figure 4.2 shows
the Booster neutrino beam-line (BNB).

Central
Laboratory

MI-12 Target
Hall and Decay
Pipe

TeVatron

End of 8 GeV
Beamline Project

- j P g Proposed NuMi U.S.
Beamline Enclosure| S service Building &

R
Ks
QE)&\
Main Injector e
0 200 ft.
|

Figure 4.2: The Booster neutrino beam-line. Figure appears in Ref [1].
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The spill, each extracted collection of protons, has the average of 4 x 10'2 pro-
tons with an uniform structure. Figure 4.3 shows the schematics of the structure
of the beam. in the microstructure the protons are divided into 81 bunches with
approximately 6ns wide and 19ns apart, the macrostructure of the beam is the

combination of 81 bunches which creates approximately 1.6..s wide proton beam

| £ |

within a 19.2us window.

Beam structure
(b)
— L— 1.6us
19.2us
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Figure 4.3: The microstructure (a) and macrostructure (b) of the proton beam.

The spill of boosted proton beam leads to the MiniBooNE target hall, a device
in which a series of dipole and focusing-defocusing magnets use to focus the
meson beam produced by the proton-Beryllium interaction. The beam position
and width is known to within 0.1mm due to the beam position monitor (BPM)
and a multi-wire chamber. The beam current is measured by two toroids upstream
of the target. Together they can measure the number of protons on target (POT) to
within 2 to 3%.

4.2.2 Secondary meson beam

The Boosted protons strike a 71cm Beryllium target, some of the properties of
Beryllium are listed in Table 4.1, located inside the magnetic focusing horn, but
physically separate from the horn assembly to allow extracting it without remov-
ing the horn. Proton interactions in the target produce short-lived hadrons (mostly
pions (7 and 7~) and kaons (K, K—, and K°) as well as protons and neu-

trons). The MiniBooNE horn is designed by Bartoszek Engineering [2]. The
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precise design carefully satisfys the requirements, such as the correct focusing
characteristics, tolerate stresses due to target heating and cooling, and radiation
damage. The horn’s total length is 73-inch (185.4cm). The radius of the inner
conductor varies from 0.87-inch (2.2¢m) to 2.58-inch (6.54¢m); the inner radius
of the outer conductor is 11.81-inch (30cm). Current flows along the inner con-
ductor and back along the outer conductor (the polarity can be reversed to select
neutrino/anti-neutrino mode) to produce a toroidal magnetic field that is contained
in the volume between the two coaxial horn conductors. The optimization of the
shape of the inner conductor and the magnitude of the current has been done by
GEANT simulation [43]. These physical properties of the horn has been chosen to
maximize the v, flux between 0.5 and 1 Gel” at the detector and simultaneously
minimize flux above 1 GeV'.

The target is air cooled by circulating air via the tubes which open into the tar-
get assembly. The horn is cooled with water (from radioactive water (RAW) sys-
tem) that is sprayed onto the inner conductor through vibration-isolated nozzles
attached to the outer conductor. The whole target assembly and cooling system

shows in Figure 4.4.

Properties of Beryllium

Density 1.85gr/cm?
Interaction length 40.7cm
Specific energy loss MIP)  1.59MeV/em
Specific heat 3.3J/(cm*K)
Young’s modulus 3.1 x 10" GPa

Table 4.1: Properties of Beryllium.

4.2.3 Tertiary neutrino beam

The focused positively (negatively) charged mesons in MiniBooNe neutrino (anti-
neutrino) mode travel into a 50m long decay pipe of 36-inch radius, is filled with
air and closed at both ends, where the mesons decay in flight (DIF) to neutrinos.

At the end of the decay pipe there is a steel and concrete absorber to stop all parti-
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Figure 4.4: The MiniBooNE magnetic focussing horn. Also seen are the plumbing
for water cooling. Figure from Ref. [2]

cles except neutrinos. The neutrinos travel through into 540m of dirt in which the
neutrino oscillation can happen; the neutrino beam then goes into the MiniBooNE
detector.

It is important to note that higher energy neutrinos have a larger interaction
cross section which provide a larger number of neutrino events, but also a larger
number of background events. Therefore in the design of an experiment the op-
timization must be made between large numbers of interactions and low average
energy (in order to reduce the background events). The most dominated back-
ground events in the oscillation analysis are intrinsic v, in the beam (from decay

of pions and kaons) and 7° misidentification in the detector.

4.3 The MiniBooNE Detector

The MiniBooNE is a spherical Cherenkov detector with 610cm radius. The in-
ner/tank (outer/veto) region is lined with 1280 (240) PMTs pointed inwards (pointed
along the circumference). The tank region is painted black to minimize reflec-
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tions. Reflection of light can produce Cerenkov light to appear isotropic and de-
layed, like scintillation light. On the contrary the veto region is painted white in
order to maximize light collection at the PMTs. The entire tank is filled with 807
tons of pure mineral oil; the usable volume for physics analyses is approximately
445 tons.

Signal
Region Veto

S 5 5 8w
UL Y

L L R L
L B B R

L B B B B R L

L B B B R R L
L B L B B B R R L)

8 0 000w
L B B B N T

i

Figure 4.5: A schematic of the MiniBooNE detector. From Ref. [3].

Figure 4.6 shows a snapshot of the tank and veto regions of the detector, which
also illustrates the PMT orientations in the two volumes.

The tank access and electronics area which is assembled directly above the
detector vault and provides an open space for access, shown in Figure 4.7. The
detector building also contains the preamplifier electronics for the PMTs along
with the data acquisition electronics. A cage structure, that surrounds the top
access opening, provides a shielded area for the PMT signal cables.

As it mentioned earlier, the MiniBooNE detector building is covered by an
earth soil and rock in order to keep the cosmic ray muon rate under 10 kH z. Due
to the pulsed neutrino and known arrival time of the beam the earth shielding from
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Figure 4.6: A snapshot of the tank and veto regions. Note the orientations of the
PMTs in the two regions and the colors of the two regions.

cosmic rays is only one in MiniBooNE detector.

4.3.1 Mineral Oil

~ 95% of the detector volume is oil, the rest 5% contains the volume of PMTs,
their cables, and detector steel. By applying the fiducial volume selection the
interactions with these other possible nuclear targets and the dirt becomes so small
and can be negligible. The detector is filled with 807 tons of Light Mineral Oil
(Industrial NF grade) with following properties:

* Density: A more dense oil provides more interactions in the detector.

* Viscosity: The oil must be recirculated which imposed an upper limit on the

viscosity of the oil (and an implicit maximum density).
* Color: it was important that the oil be clear to the light detected by the PMTs
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Figure 4.7: MiniBooNE detector plant [4]. Covering structures and earth overbur-
den are not shown.

(wavelengths from 320nm to 600nm) [44], implying a minimum attenuation
length.
Based on these specifications and the results of testing performed, Marcol 7, an
Exxon/Mobil product manufactured by Penreco, was chosen for the MiniBooNE
detector. The results of measurements of the relevant oil properties are shown in
Table 4.2. Details of all studies performed on the MiniBooNE mineral oil can be
found in Ref. [45].

Density 0.845 4+ 0.001g/cm?
Refractive index(at = 589.3nm, temp=20.0°C)[] 1.4684 4+ 0.0002
Attenuation length (at 400 nm) 14 + 2m

Table 4.2: Results of some of the tested properties of MiniBooNE oil, Marcol 7.

Nitrogen gas is continuously bubbled through the oil so as to clean it of oxy-
gen. Mineral oil needs no continuous purification; it cleaned for the first time and
any remaining impurities will either float to the surface or sink to the bottom of
the detector. In order to deal with any thermal expansion of the oil MiniBooNE is
facilitated with an overflow tank.
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4.3.2 The Photomultiplier Tubes

The inner region’s PMTs collect light from neutrino interactions occurring in the
tank detector region. The outer veto region’s PMTs are located to capture the
charged particles entering from outside the detector (cosmic rays, and the particles
from the interactions outside the detector in dirt which pass through inside). Of
the 1520 PMTs in the MiniBooNE detector in total, 1197 are inherited from LSND
and the other 323 were purchased from Hamamatsu [46]. The LSND PMTs are
8-inch diameter, 9-stage, Hamamatsu model R1408 PMTs; the new PMTs are
8-inch, 10-stage, Hamamatsu model R5912 PMTs (an upgraded version of the
R1408). The technical specifications for both of these types of photomultiplier
tubes may be found in Ref. [47].

The charge, timing response and proper operating voltage of each PMT was
tested before installation [47]. All LSND PMTs (R5912) and those R1408 PMTs
whose test results showed the best performance are lined in the main tank region,
and the remaining PMTs of 21408 installed in the veto region. A wire frame
attached each PMT in its location in the tank region and make the phototube sup-
port structure (PSS). A schematic diagram of a PMT in its wire frame is shown in
Figure 4.8.

Figure 4.8: The wire support frame used to attach PMTs in the main tank region
of the detector [4].

The PMTs are arranged in the detector in the pattern shows in Figure 4.9.
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Figure 4.9: Map of PMT locations in main tank. LSND PMTs (/21408) shown in
black, new PMTs (R5912) in red.

4.3.3 Data Acquisition (DAQ), Digitization and Trigger

The MiniBooNE data acquisition system (DAQ) is built from existing LSND hard-
ware, but has been modified to meet the different requirements of MiniBooNE.

A schematic representation of the digitization for one channel shows in Fig-
ure 4.10. The pre-amplified PMT signal, V,,,,;, is integrated in a capacitive circuit
located on a charge/time board (Q)7" board), generating a second signal, V,. If
Vpmt crosses a threshold corresponding to approximately 0.25 photoelectrons, a
discriminator is fired, starting a linear time ramp (V;). The time signal is also digi-
tized to allow a precise determination of the time at which the PMT signal crossed
the threshold. This is necessary since MiniBooNE event reconstruction requires
better than 100ns time accuracy. Two clock ticks after the PMT signal crosses
threshold, the time ramp is reset to baseline.

The charge and time ADC (Analog-to-Digital Converter) values are stored in
204.8us circular dual port buffers. If the trigger system (explained below) re-
sponds to the stored charge and time, the values are passed on to storage, other-
wise they are overwritten. For each PMT hit four consecutive values of V, and V;
(each of them therefore called a quad) are stored in the buffer. These quads are
later used to calculate the charge and time of the hit PMT’s, if the event is read

out.
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4.3.4 The Trigger System

The trigger system collects information from three external triggers (two from the
accelerator and one from the calibration systems) and seven comparators (differ-
ent levels of PMT hit multiplicities) in a 200 ns window. Detail of MiniBooNE

external triggers and comparator settings list in Table 4.3.

Input PMT hits | Purpose
Externall NA Beam to MiniBooNE
External2 NA Strobe,NuMI, Debuncher
External3 NA Calibration Event

Comparatorl | Tank hits > 10 Activity Monitor
Comparator2 | Tank hits > 24 Michel electron
Comparator3 | Tank hits > 200 High-Energy Neutrino
Comparator4 | Tank hits > 100 Neutrino candidate
Comparator5 | Tank hits > 60 | Supernova Neutrino candidate
Comparator6 Veto hits > 6 Cosmic Veto
Comparator7 Veto hits > 4 Cosmic Activity

Table 4.3: MiniBooNE trigger inputs and comparator settings. From Ref. [4].

By setting this trigger any activity in the detector before and after the beam
spill is recorded. When the MiniBooNe beam trigger is set, 19.2us of data are
recorded, beginning 4.6..s before the beam reach the MiniBooNE target; therefore
the detector recorded the total beam-off data 17.6us in before and after 1.6us
beam time. There are also a number of special purpose triggers for calibration
(such as the Michel electron, laser, or strobe trigger) or to record various physics
event samples (such as the NuMI or supernova trigger). Additionally, there is also
a cosmic trigger (Comparator 6 in Table 4.3) which is used to ignore cosmic ray

contaminated data during beam up-time.

4.4 The MiniBooNE Calibration Systems

The DAQ system records raw times and charges for each hit in an event without

any effects of smearing associated with the DAQ itself. This smearing makes it
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necessary to have a calibration system to provide information on PMT charge and
time response as well as energy response of the detector. it is critical that the PMTs
be properly calibrated in order to determine a particle’s energy from the number
of photoelectrons detected by the PMTs. The calibration, also, can provide the
the relative time response of PMTs and the variation of time response with pulse
height (time slewing). This information is crucial for the event reconstruction and
particle identification algorithms.

MiniBooNE employs two calibration tools: a laser calibration system and a
cosmic ray Muon calibration system. This section describes these methods in

some detail.

4.4.1 Laser Calibration System

The primary purpose of the laser system is to calibrate the PMT, electronics, and
monitoring the oil property during the MiniBooNE lifetime. The raw charge and
time information for each PMT, as described in the previous section, are converted
to calibrated charge and time (called gains and time offsets, respectively) using
the information provided by analysis of the pulsed laser data, with the known
wavelength and intensity.

The laser calibration system consists of a pulsed diode laser and four disper-
sion flasks, installed at various locations in the detector. Optical fibers connect
the laser to the dispersion flasks through which short light pulses ( < 100ps) is
transmitted. The dispersion flasks with 10cm in diameter, are filled with Ludox
colloidal silica to disperse light uniformly. In addition to the four flasks there is
also a bare optical fiber that emits light in a cone of about 10° opening angle light-
ing up PMTs in a small circle near the bottom of the detector. Figure 4.11 shows
the schematics of MiniBooNE laser calibration system. More detail can be found
in Ref. [48].
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Figure 4.10: Schematic representation of MiniBooNE PMT charge and time dig-
itization []. Vj,,; 1s incoming anode signal. Its integral, convolved with an ex-
ponential decay, is V;,. The vertical orange line shows the time the discriminator
fired. V; time ramp are started when the anode pulse pass the threshold, and resets
after two clocktick passes. DAQ records the four V;, and V; values at clockticks
t-1, t, t+1, and t+2.
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4.4.2 Cosmic Ray Muon Calibration System

The Cosmic Ray Muon Calibration System provides a precise calibration of the
energy, direction, and position of muons for the range of muon energies of primary
interest to the experiment (60 to 800 MeV'). This calibration system consists of a
muon tracker located above the detector, and scintillator cubes located inside the
detector. This system uses through-going muons as well as stopping muons and
their decay electrons. The stopping muons providing a sample with known origin,
direction and path length (thanks to the scintillator cubes).

The muon tracker is a two layer scintillator hodoscope that can provide the
information of positions and directions of muons entering the detector. The ho-
doscope has two layers of plastic scintillator, providing two sets of coordinates
by which the position and direction may be determined. Seven optically isolated
cubes made of scintillator are situated at various positions in the main volume
of the detector, providing additional information for those muons which travel
through or stop in them. An optical fiber joined to each scintillator cube is at-
tached at its other end to a 1-inch PMT located outside of the detector for readout.
Figure 4.12 shows a schematic diagram of the system for a muon which passes
through the muon tracker, stops in a scintillation cube, and decays.

The Cherenkov light produced by the muon is seen by the PMTs as well as
the scintillation cube. The decay electrons are also seen by the tank PMTs. Those
events where the location and momentum of the muon and the origin of the elec-
tron can be determined by the muon hodoscope help in tuning and verifying the
reconstruction algorithms.

Absolute Energy Calibration

Muon decay (¢~ — e~ + 1, + v, or p* — et 4+ v, +1,) is a known process. The
electron from muon decay (Michel electrons) has known shape energy spectrum,
MiniBooNE uses this spectrum to determine both the energy scale and energy
resolution for low energy electrons. Michel electrons sample, from both stopping
cosmic ray muons and muons produced in neutrino interactions, have been col-
lected and analyzed. The measured energy resolution from this large dataset is
14.8% at 52.8 MeV.
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Figure 4.12: A schematic diagram of the muon tracker and a scintillation cube.

Oil Optical Model

The cosmic muon calibration system also is useful to study the detector oil opti-

cal model. It provides a clean sample of muons whose exact event topologies are

known through measurements that are independent of the PMTs in the detector.
This independent information of the muon allows a careful study of the space and
timing characteristics of photon emissions from muons spanning a broad range of

energies (15 — 800 MeV).
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Figure 4.13: Michel electron reconstructed energy spectrum (gray) and the best fit
(red), obtained by smearing the Michel electron theoretical energy spectrum with
a Gaussian of width proportional to v/E.



4.5 The MiniBooNE Optical Model

The photomultiplier tubes detect both Cherenkov and scintillation photons pro-
duced by charged particle interactions in the detector. They are sensitive to pho-
tons in the wavelength range 280 — 650nm as Figure 4.14 shows.
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Figure 4.14: Quantum efficiency of 5912 PMT obtained from Hamamatsu mea-
surements.

4.5.1 Light production

Chrenkov Light

Cherenkov light is produced in a medium with index of refraction n, when a
charged particle travels faster than the speed of light in that medium. Since the
speed of light in a medium is dependent upon its index of refraction, the particle
must travel with speed § > 1/n, where 8 = v/c, the speed of the particle (v) di-
vided by the speed of light in vacuum (c). In these circumstances, a cone of light
is emitted with this property cos(6.) = % A schematic of Cherenkov radiation is
shown in Figure 4.15. The particle velocity can be expressed by its kinetic energy
(D),
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Figure 4.15: Cherenkov radiation
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m 1is the rest mass of the particle. The minimum kinetic energy to produce
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Cherenkov light is obtained where 5 = 1/n, which gives the Cherenkov kinetic
energy threshold as

T, = m(% ~1) (4.2)

with the target oil in the MiniBooNE detector the minimum kinetic energy to
produce Cherenkov light is 7,;, ~ 350MeV .
Scintillation Light and Fluorescence
In addition to the Cherenkov light, charged particles traveling through mineral oil
can deposit energy and excite the oil molecules. The isotropic, delayed light that
is emitted during de-excitation of the molecules is called scintillation light.
Fluorescence is a related process, where the molecules are excited by opti-
cal photons instead of charged particles. Like scintillation light, the fluorescence
light produced during the de-excitation of the target molecules is isotropic and
delayed. The outgoing photons have lower energy than the initial optical photons
that excited the molecule.
The characteristics of scintillation and fluorescence (the wavelength spectra
and emission spectra) are determined by the chemical composition of the mineral
oil. Scintillation and fluorescence light in mineral oil do not follow the dE/dx

energy loss distribution which are expected from particles passing through matter.

43



Instead, the energy loss is higher due to recombination and quenching effects
between excited molecules [49]. Birk’s law is used to convert ionization energy
loss per unit length per unit medium density, dF;./dz,

dE.  dE/dx
dr 1+ kg(dE/dx)

where kg = 0.014 g/(MeV c¢m?) is Birk’s constant for mineral oil [50].

(4.3)

4.5.2 Light Transmission

The propagation or transmission of photons in MiniBooNE occurs through pro-
cesses such as scattering, fluorescence, and absorption.

Scattering

When an optical photon interacts with a target molecule and is deflected and
changes its polarization state, the process is known a s scattering. Scattering
measurements in the MiniBooNE oil were done externally [51] and are due to
Rayleigh and Raman scattering.

Fluorescence

Fluorescence is when optical photons (created by both Cherenkov and scintilla-
tion) are absorbed and reemitted later by target molecules at a different wavelength
and/or direction. Details of the measurements which was done at Johns Hopkin
University are given in Ref. [52].

Absorption

The difference between the total extinction rate and the sum of attenuation due to
scattering and fluorescence results into the absorption of photons in oil. Photon
attenuation in mineral oil, due to either fluorescent emission, scattering, or absorp-
tion, was measured at Fermilab with different experimental setups and over a wide
photon wavelength range. The difference between the attenuation rate curve as a
function of wavelength obtained by these measurements and the sum of the fluo-
rescence and scattering rates (discussed above), determines the photon absorption
in mineral oil.

Scattering, fluorescence, and absorption, were measured and included in the
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MiniBooNE GEANT?3 simulation [52,53].

4.6 Event Reconstruction

The process of extracting the information of the event vertex, direction, energy,
and time from the times and charges recorded in the PMT is called event recon-
struction. In the track based analysis an analytic model (of the light production
and propagation in the tank) predicts the probability distribution for charge and
time on each PMT which used to construct the likelihood for different particle
hypothesis. Prediction has been done to calculate seven track parameters: vertex
(x,y,z), time, energy, and direction (6, and ¢). MiniBooNE particle track fitter
either uses the single track fitter (for electron, muon, and single photon) with 7 fit
parameters or two track fitter (7°), which is actually electron track with double-
duty, with 12 fit parameters (two 7 from common vertex). In the case of two
track fitter MiniBooNE track fitter applied two options of fixed-mass (actual 7°
hypothesis) and free-mass (to calculate 7° mass reconstruction).

In this section first two simple variables, which are applied to do the event
selection, are introduced, then the event reconstruction is discussed briefly, for

more details see the Ref. [6].

4.6.1 Hits

Although the information about particle energies is determined by the charge mea-
sured by each PMT, the number of PMT fired in each event, called hits, is a good

estimate of the total energy deposited in the tank.

4.6.2 Subevent

One event in the data stream corresponds to one beam trigger, or the sequence of
the time and charge information from all PMTs in the 19.2us DAQ window. Since
individual particle events in the tank create a group of hits with clustered time

values, it is convenient to define a "subevent", or well-separated timing cluster,
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to sort out a particular data event into primary and non-primary particles in one

event.

4.6.3 Particle track fitter

The charge and time information as well as topological information from individ-
ual PMT hits provides particle track information, that can be used to identify the
particle in the detector. MiniBooNE uses two reconstruction software packages,
the S-Fitter or Stancu fitter and the P-Fitter.
S-Fitter starts with the assumption that the light produced in the detector is due
to a point-like source. A chain of reconstruction algorithms providing a number
of levels of reconstruction for each event. The three stages of reconstruction are:
 StancuFastFit- The first stage of event reconstruction; a fast single track fitter
which provides a rough estimate of the event time and vertex based on a timing
likelihood.

» StancuFullFit: The second stage of event reconstruction; a refined single track
fitter. The result of the StancuFastFit algorithm is used as input, and the event
timing and vertex are more precisely determined using a time and charge likeli-
hood.

» StancuPiOFit: The third stage of event reconstruction is a two track fitter. The
time and vertex information determined by the StancuFullFit algorithm is used
as the starting point for this algorithm. Each event is fit under the assumption of
two ~y rings from the decay of a m° with the common vertex. The 7° meson (with
a rest mass of 135 MeV') decays after being produced almost immediately (de-
cay time 8.4 x 10~'"s) via two modes of 7y (branching fraction 98.987%) and
ve~e™ (branching fraction 1.198%). The resulting photons generate electro-
magnetic shower in the detector and can emit both Cherenkov and scintillation
light. Minimizations can be performed with a constraint on the invariant mass

by removing energy of the second photon as a free parameter and setting it via
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the relation below:
Mo

T 2B (14 c0s0.,-,)

Ey 4.4)

where 0., is the angle between the photon tracks. This fixed-mass mode is the

actual 70 hypothesis, while the free-mass mode allows for mass reconstruction.
All of these algorithms were written by Ion Stancu; all details of each algorithm
may be found in the technical notes listed in Ref. [54].
P-Fitter introduces the emission density to go from point-like approximation to
track-based fitter. The P-Fitter is better equipped for reconstructing muon tracks
than the S-Fitter, and has better resolution in distinguishing 7° events from elec-
trons, although it runs much slower (= 10 times). Both fitters reconstruct electrons
with similar resolution.

4.6.4 Particle Identification

Particle identification (PID) comes from ratios of likelihoods from fits to differ-
ent parent particle hypothesis. The magnetic shock wave conical Cherenkov light
produces the ring of light which intersects with the sphere of the PMTs and cre-
ates the pattern that are specific to each particle (Figure 4.16). Figure 4.17 is an
example of actual event display of a stopping muon candidate event.

Track-Based Particle Identification
The track-based PID algorithm, which is an extension of the P-Fitter (section
4.6.3), fits for electron, muon and pion track parameters and compute likelihood
variables L., L,, and Lo for each event type based on the ring profiles produced
by them (Figure 4.16). In particular, the likelihood ratio is simple, but powerful
estimator for particle ID under a hypothesis.

The separation of electrons from muons, or electrons from pions, is achieved
by setting a limit on the two PID variables: log(L./L,) and log(L./Lo). More-
over, the pion mass cuts required in MiniBooNE to further decrease the back-
ground contamination due to process generating 7° in the final states. 50% sig-
nal efficiency and 1% 7° misidentification rate are obtained by requiring both
log(Le/Lyo) and M., in the MiniBooNE v, — v, oscillation analysis [55]. The
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Figure 4.16: A cartoon illustrating PID. PID is done utilizing the features of
tracks, originated in the charge, time, and the topological information from all
PMTs.

values of the cuts are the quadratic functions in the energy obtained from the sin-

gle track fitter,
log(L./L,) > ap+ a1 E, + asE? (4.5)
log(Le/Lyo) > ag + a1 E. + ayE? (4.6)
M, < ag+ a1E. + ax E? (4.7)

the coefficients were selected to optimized the oscillation sensitivity, such that the
estimated oscillation sensitivity near Am?, = 1.0 eV? and sin?26,, = 0.004 is
maximized. The details on computing the oscillation sensitivity can be found in
Ref [56].
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Figure 4.17: An event display for a muon candidate event. Each sphere represents
a hit from a PMT, and the size and the color show charge and time information.
As described in Figure 4.16, a stopping muon is characterized with sharp edge
and filled circle shape hits.

ao a1 (GeV) as(GeV'?)

log(L./L,) 1.3546 x 1072 34667 x 1072  —8.259 x 1073
10g(Le/Lyo) 2.47072 x 1073 4.11512 x 1073 —2.73785 x 102

M 3.2033 x 1072 7.42657 x 1073  2.73787 x 107°

Y

Table 4.4: Optimized PID cuts coefficients

The left panel of Figure 4.18 is the scatter plot of log(L./L,) as a function of
the reconstructed energy of the electron, the black curve indicates the maximized
cut value that separates a simulation of v, Charge current Quasi Elastic (CCQE)
events (blue) from a simulation of v, Charge current Quasi Elastic (CCQE) events
(red). The right panel is the scatter plot of log(L./L,0) as a function of the recon-
structed energy of the electron, the black curve indicates the maximized cut value
that separates a simulation of v, CCQE events from a simulation of Neutral Cur-
rent process which generating 7 in the final state (v, NC7). Figure 4.19 shows
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the scatter plot of reconstructed mass of 7° as a function of electron energy with
the cut value in black curve that separates a simulation of v, CCQE events from a

simulation of v, NC7".

L B

Iog(Le/Lp)
=)

¥ -0.2
02 Mv.CCQE [v, NC=°
I Ev.CCQE 0.25 Blv.CCQE
Py W A A T N Y N I N T N
9200 400 600 800 1000 1200 1400 200 400 600 800 1000 1200 1400
fitted E (MeV) fitted E (MeV)

Figure 4.18: On the left, the scatter plot of log(L./L,)-electron energy used to
separate a Monte Carlo simulation of v, CCQE events from a simulation of v,
CCQE events. On the right, a simulation of v, CCQE events is separated from a
simulation of v, NC7” events using the PID log(L./L,o) as a function of electron
energy. The value of the cuts selected to optimize the oscillation sensitivity, plots
are taken from Ref. [6].

The efficiency of these PID selection of the electron as a function of neutrino
energy on v,CCQE channel shows in Figure 4.20. It demonstrates how electron
identification selection efficiency decrease as a function of neutrino energy.
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Figure 4.19: The scatter plot of reconstructed mass of 7° as a function of electron
energy used to further decrease the 7 events in the sample. The black curve
shows the cut value to separate the electron of CCQE events from 7° of NCr"
events, plot is taken from Ref. [6].
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5 The MiniBooNE Simulation

Simulation of measured data in MiniBooNE is performed in several Monte Carlo
(MC) steps. First, BooNEG4Beam models particle production in proton-beryllium
collisions in the MiniBooNE target, secondary particle propagation, and decay to
neutrinos.

Second, The neutrino fluxes predicted by BooNEG4Beam are input to NU-
ANCE [57], which simulates the neutrino cross sections and generates events.

Third, the interactions modeled by NUANCE are fed into the detector MC
simulation with two separated MC, detector simulation (BoodetMC) and dirt sim-
ulation (BoodirtMC). The only difference between detMC and dirtMC is the size
of the volume the neutrinos interact; BoodetMC (BoodirtMC) used a radius of
610.6cm (14m).

Finally, the output of BoodetMC/BoodirtMC passes to a simulation of the
data acquisition electronics, MCthroughDAQ, where the MC events are output
in a form that is identical to MiniBooNE detector data.

This chapter presents the details in various stages of generating events in Mini-
BooNE detector.

5.1 Beam Monte Carlo

Neutrino flux predictions for all neutrinos relevant to MiniBooNE (v,,, v,,, v, 7.)
are generated by BooNEG4Beam which is a GEANT4-based MC simulation [58].
In the first step, this program models the geometry and materials (in target hall and
decay region) along with the physics processes of mesons production and propa-
gation. In second step, the output of the GEANT4 is fed into another MC program
that generates kinematic distributions for the neutrinos from meson decays and
generates the final neutrino fluxes at the MiniBooNE detector (Figure 5.1). For
more details on the MiniBooNE neutrino flux predictions see Ref. [59].
MiniBooNE neutrino flux is mostly dominated by v,,, although some intrinsic
v, flux is unavoidable. It is important to keep the relative amount of the intrinsic

v, background as small as possible. The predicted energy dependence of this
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intrinsic v, background (in Figure 5.1) is different than the energy dependence an

oscillation signal (v,’s with a v,’s like energy dependence). The shape difference

between the two samples helped much in the oscillation search.
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Figure 5.1: The v-Mode flux as a function of true v energy predicted by the

GEANT4 simulation package. Figure from Ref. [7]

5.2 Neutrino Cross section Model

Neutrino interaction in the MiniBooNE detector are simulated using a neutrino
event generator which is based on the NUANCE v3 [57], but it has been tuned

to the latest known cross section information from their measurements in Mini-

BooNE experiments, Table 5.2 lists the cross section parameters used to customize

the simulation to MiniBooNE detector. The neutrino flux prediction is fed into the

NUANCE generator and it simulates 99 distinct neutrino/antineutrino interactions
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in the mineral oil target (CH, with a density of 0.845-%3). Tables 5.1 list the in-
teraction processes simulated by NUANCE along with the channel numbers.
Grouping NUANCE channels

To make it easier to illustrate the background and signal channel in the analysis,
99 NUANCE interactions grouped into 16 channels which show in Table 5.3.
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[ CC / | Reaction CC / | Reaction
# | NC # | NC
Cabibbo-allowed 25| NC |y —v,A¥a
quasi-elastic scattering from 26| NC |wumn— A0
nucleons 27| NC |yn—owvAa"
1 CC |pyn—=pp 28-38 Corresponding 7,
(v,p — ™ n) processes
(Quasi-)elastic scattering 39| CC | wp— e pp (770)
from nucleons 401 CC | wun— pupp"(770)
2] NC [wym—wven 41| CC |wun — unp™(770)
(v,n — w,n) 42| NC | v,p = v,pp"(770)
V,p — VP 43| NC | w,p— vmnp™ (770)
(Tup — Tup) 44| NC | vun — vunp?(770)
Resonant single pion 45| NC | vyn = v,pp (770)
production 46-52 Corresponding 7,
3| CC |wp—ppat Processes
4] CC [y —ppr 53| CC |wp— p ETKT
5| CC |vn— pnwt 54| CC |wum — p E'KT
6] NC |wv.p— vepn® 55| CC |wm— pu 7K
7| NC |wp— yar’ 56 | NC | vup = v, 2"K7
8| NC |[vyn—ynn’ 57| NC |w,p— v, BTK"
9| NC |wn—wy,pr 58 | NC |yn— vy, 0"K°
10-16 Corresponding v, 59| NC |y — X KT
processes 60-66 Corresponding 7,
Multi-pion resonant processes
processes 67| CC | ymn— pupy
17 CC [uyp—p At 68| NC |[v,p— v,py
18] CC |up— p ATTA0 69 | NC | yyun— vunn
19 CC [wn = p ATA" 70-72 Corresponding 7,
200 CC [ym—p Alg™T processes
21| CC |yn— p~ AT 73| CC |pymn— p KA
22| NC |[yp—=p,A™a0 7| NC |vp—p,KA
23| NC |v,p— AT 75| NC |ym = KA
24| NC |wp—o v ATTa
u CC / | Reaction & CC / | Reaction
NC NC
T6-T8 Corresponding 7, Coherent / diffractive
processes production
7] CC |vnm—ppria 96 | NC |w,A = v, Ar"
80 CC |wymn—pupra® (7. A = 7, AT
81| NC |up— vupr o 97 | CC | wA — p Ar™
82| NC |uv,p — wprin? (v, A — utAn)
83| NC |vymn—uynrn v-e elastic scattering
84| NC |ym— yanrin’ 98 Ve — Ve
85-90 Corresponding 7,, (7.2 = Dye)
processes v-e inverse u decay
Deep Inelastic Scattering 9| CC [ye—op
91| CC |uN =X
92| NC | N 50X
93-94 Unused
95 | CC | Cabibbo-supp. QE
hyperon production:
vp—u A
v,n = prET
T,p—=pEl

Table 5.1: Processes available within NUANCE (continued from the previous
page). The numbers in the left most column indicate the assigned reaction code
(channel number) in NUANCE.
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H Parameter Value H
M 4 for QE events on carbon 1.2341 GeV
Binding energy for carbon 34.0 MeV
Fermi momentum for carbon 220.0 MeV
As, the axial vector iso-scalar term 0.0
M 4 for CC and NC single pion events 1.1 GeV
M 4 for CC and NC multiple pion events 1.3 GeV
Scale factor for NC coherent 7° events 1.302
Scale factor for NC and CC A radiative events 1.00
Scale factor for deep inelastic scattering events 1.0
Pauli blocking scale factor, x 1.0220
M 4 for for CC single coherent events (not coherent NC7%) | 1.030GeV
Scale factor for NC resonant 7° events 1.00
M 4 for QE events on hydrogen 1.13GeV

Table 5.2: Cross-section parameters used in the MiniBooNE MC. Here the abbre-
viations are: QE = quasi-elastic, NC = neutral current, and CC = charge current.

H Channels description H
NCm Neutral current generate 7 in the final state
CCmyg Charge current generate 7° in the final state
NCr* Neutral current generate 7+ or 7 in the final state
CCr™* Charge current generate 7" in the final state
NCrt 7~ Neutral current generate 7+ and 7~ in the final state
CCrnt n~ Charge current generate 7+ and 7~ in the final state
NCmq’s Neutral current generate more than one 7° in the final state
CCrmy’s Charge current generate more than one 7 in the final state
NC>27 Neutral current generate more than two 7s in the final state
CC>2r Charge current generate more than two 7s in the final state
NC-DIS Neutral current deep inelastic scattering
CC-DIS Charge current deep inelastic scattering
NC-Els Neutral current elastic scattering
CCQE Charge current Quasi Elastic
resonant processes >2m | resonant processes generate more than two 7s in the final state
Signal electron - v elastic scattering

Table 5.3: Grouping 99 NUANCE channels to 16



NUANCE Neutrino Cross Section Model
The relevant physics models that are implemented by NUANCE list as following:
* the Llewellyn-Smith expression for the quasi-elastic cross section on free nu-
cleons [60],
* the Rein and Sehgal resonance cross sections [61],
* the Bodek-Yang [62] deep inelastic scattering (DIS) cross section at large in-
variant mass, W , and momentum transfers, Q?,
* the Smith-Moniz relativistic Fermi gas model for quasi-elastic scattering from
nucleons bound inside a nucleus.
We discuss only some sets of the interaction types briefly here, with concentrat-
ing on those which consist of the most dominated background populations in this
analysis. A full description of these and other interactions modeled in NUANCE
can be found in Ref. [57].

5.2.1 Charged Current Elastic Scattering (CCQE)

NUANCE channel#1 corresponds to CCQE interactions which make up ~ 29%
of the final sample for this analysis (Table 6.3). The neutrino CCQE interaction
happens off neutrons (v, +n — = + p) in the bound carbon atom, so the Smith-
Moniz relativistic Fermi gas model used to generate it. On the other hand the
antineutrino CCQE happens off protons (v, + p — u* + n) which are both free
Hydrogen atom and bound Carbon atom, so a combination of the Llewellyn-Smith
and Smith-Moniz formalism is used.

The vector form factors are taken from Ref. [63], while other form factors are
customized for MiniBooNE (Table 5.2); the axial vector mass for the bound (free)
nucleons M, = 1.2341(1.13) GeV increased from the original values to cover
the data excess observed in CCQE cross section measurement; on the other hand,
a Pauli blocking scaling parameter x = 1.022 is used here to fix the data deficit in
low energy events, it modifies the shape of the CCQE cross section at low values
of momentum transfer by scaling the energy of initial nucleon. See Ref. [64] for

details.
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5.2.2 NC Single Pion Production

NUANCE channel#6 — 9(10 — 16) for neutrino (antineutrino) corresponds to NC
single 7 interactions, among these seven interactions NC7 is major background
for this analysis with ~ 15% of the final sample (Table 6.3). The simulation of
single pion production is based on Rein and Sehgal’s model. In neutrino-nucleus
interactions single pion production happens when a nucleon is excited to a reso-
nant state and decays to a pion and a nucleon. One difference between the original
Rein and Sehgal paper and the NUANCE implementation is that the NUANCE
model has been further updated to include improved the baryon masses and ad-
ditional non-strange resonances up to 2 GeV’ [57]. Additionally, there are extra
reaction included that reduce the number of pions produced in the final state. The
pions may experience absorption in the nucleus through final state interactions
(FSI) in which case the final product of the interaction is a nucleon, similar to the
NC-Els interaction. MiniBooNE has tuned NUANCE to assign a probability of
about 20% that the outgoing pion is absorbed.

5.2.3 Multiple Pion Production

NUANCE channel#17 — 90 for neutrino and antineutrino corresponds to interac-
tions in which multiple pions are produced in the final state. These interactions
are simulated in NUANCE using a combination of resonant and DIS production
mechanisms. Resonant states are treated by the Rein and Sehgal model up to
~ 2 GeV. Deep inelastic scattering events follow the Bodek-Yang theory. All
of the reactions in this category present in Table 5.1. Among all of the resonant
productions the baryonic resonance interaction is the primary source of one pion
production for MiniBooNE,
vp+p—= AT S+t 4p
Vp+n— A" =+t +nete. ..
The original code of NUANCE was modified to take into account the pion angu-
lar distribution due to the spin structure of the resonance states [65]. All resonant
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interactions are used to contribute to the invariant mass W < 2 GeV/, but the

A(1232) resonance dominates at this energy scale.

5.2.4 Final State Interactions (FSI)

Particles produced in neutrino interactions with C' H5 have the chance to re-interact
before exiting the nucleus. The "final state interactions" (FSI) is used here to de-
scribe interactions that might transform the topology of an event. NUANCE sim-
ulates FSI by tracking hadrons through the nucleus in steps of 0.2 fm, calculating
an interaction probability at each step. The probability for interaction is based
on measured 7-N cross sections and angular distributions. This effect results in
several interaction of particles and their interaction products before exiting the
nucleus. The final state interactions modeled by NUANCE that change the pion
production include:

* absorption: a pion disappears inside the nucleus,

On, m'n —

* charge exchange: include one of these interaction - 7tn —
7tn,mn — 7 p, 7 p = 7n,

* elastic and inelastic (re)scattering: a pion maintains its identity, but is de-
flected,

* recoiling nucleon scattering: a nucleon may rescatter and produce pions in the
final state, or rescatter several times until it reaches the surface of the nucleus,
producing multiple nucleons in the final state,

* nuclear de-excitation: the nucleus is excited to a higher energy level; it decays
electromagnetically to its ground state via the emission of a few-Mel/ 7.

Among all the FSI, charge exchange and nuclear de-excitation are the most im-

portant processes contributing to the uncertainty in this analysis, because they

results may mimic the same final state as electron neutrino elastic scattering with
low energy electron in which only one photon distinguished as the electron. The

contamination of this process in the final selection presents in section 6.5.
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5.3 The MiniBooNE Detector Monte Carlo

The simulation of the MiniBooNE detector (a GEANT3-based program [43])
takes the events generated by NUANCE to model particle propagation. Bood-
etMC assigns a density-weighted interaction vertex, once the vertex location is
decided, the simulation takes the final state particles generated by NUANCE and
steps them through the detector, accounting for the detector and tracked particles
properties along with the oil optical model parameters. Some modifications to the
standard routines include an improved model for decay (7° — e~e*+), muon de-
cay (u — evv), and the possibility of ;= capture by carbon. the default hadronic
interactions in GEANT(GHEISHA) modified to GFLUKA hadronic interaction
model.

Among all oil optical model parameters and PMT parameters here is the list
of the most effective ones:
* Reflection coefficients for white and black surfaces
* PMT quantum efficiency parameters: from Hamamatsu, corrected for air-glass

reflection

* PMT relative efficiency as a function of angle relative to the PMT axis
* QOil refractive index and group velocity parameters
* Oil attenuation length from 250 — 650nm in steps of 5nm
* Polarization-dependent Rayleigh scattering
* Scale rates and lifetimes of individual fluorophores

The number of Cherenkov and scintillation photons and their hit times are
recorded for each final state particle. These quantities feed to the reconstruc-
tion algorithms. Also, the "truth" information for each final state particle (like
4-momentum, vertex, creation time, interacting neutrino type) is recorded for the
cross check and computing the systematic errors.
The final step, a FORTRAN program called MCthroughDAQ, smears hit times
and charges to determine these quantities at the PMT anode. This last step gen-
erates simulated events just like the true detector data. The details on the data
acquisition electronics discussed in section 4.3.3 of previous chapter.
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6 Data Reduction and Event Selection

6.1 Introduction

This chapter describes the selection processes that yields the event sample used to
calculate a neutrino electron elastic scattering cross section in MiniBooNE. As we
mathematically showed in section (3.3) the relative small mass of electron to neu-
trino’s energy results in the outgoing electrons scattering in the extremely forward
direction with low energy. Figure 6.1 shows the reconstructed electron energy and
direction distribution of simulated neutrino electron elastic scattering channel in
MiniBooNE, illustrating these features. Furthermore, due to small cross section
of the interaction (details in section (3.2)) the number of signal events are a small
fraction of the overall number of neutrino events collected, so background rejec-
tion is very important to identify the signal. Therefore the goal of the selection is
to refine the sample to enhance the signal based on the interaction features and the

properties of the detector.
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Figure 6.1: On the left (right) shows the electron angle (energy) distribution
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6.2 Data Sample

Figure 6.2 shows the neutrino per POT stability plot while MiniBooNE collecting
data from 2001 to 2017.
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Figure 6.2: Neutrino pre POT stability plot from 2001 to 2017 (the period of 2013
to 2014 shows the bot POT, where MiniBooNE was running on off-target mode).

The MiniBooNE experiment began collecting data in 2001 and reported the
neutrino mode oscillation (v, — v,) search result in 2007 [66]. In the first v-
mode run it collected 6.41 x 10?° Proton On Target (POT).

Subsequently it ran in the antineutrino mode looking for 7, — v, oscillations,
which was a search to confirm the LSND result [67]. The initial antineutrino
mode results were published in 2010 [68]. MiniBooNE continued running in
antineutrino mode till 2012 and collected 1.13x 102! POT. Running for a decade in
both neutrino and antineutrino mode, MiniBooNE successfully accomplished its
primary goals and produced measurements that confirmed the oscillation analysis
of the LSND signal.

Since systematic uncertainties dominated the total measurement errors more
statistics in either neutrino or antineutrino mode may not provide significant new
information on the question of oscillations. On the other hand, MiniBooNE de-
tector had the capability for continued stable operation for many years, so the
collaboration decided to take advantage of the stability of detector and started

running on off-target (dark matter) mode as the first proton beam-dump light dark
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matter search to look for light sub-GeV dark matter. it collected 1.86 x 10?° POT
from 2013 to 2014, in this mode.

MiniBooNE ran on off-target mode till MicroBooNE began operation, then it
switched to neutrino mode along with MicroBooNE running (MicroBooNE-era).
This second v-mode run resulted in 5.95 x 10%° POT (the data was processed in
two separated set based on the year of collection, 2.92 x 10%* POT till August
2016, and 3.03 x 10%° POT till August 2017). The data used in this thesis is all
the v-mode data which are collected from the first run and the MicroBooNE-era
run with the total 12.36 x 10?*° POT. As mentioned earlier the small fraction of
the signal events compare to overall number of neutrino events in MiniBooNE
makes this analysis sensitive to statistical fluctuations, but this last v-mode run
with adding twice more data eases the problem.

The data collected in MiniBooNE-era v-mode run, after dark matter mode,
had the same configuration as the first run. The stability of data demonstrates in
Figure 6.3, by showing that the electron angle (energy) distribution of observed
data collected in two v-mode did not change.

6.3 Analysis Cuts

In order to isolate a sample of electron neutrino elastic scattering events we per-
form a series of analysis cuts. The selections are on the experimental variables,
like PMT charge, time or reconstructed electron angle, which differentiates the
electron neutrino elastic scattering events from other events in the MiniBooNE
sample. In order to keep the consistency with the electron oscillation analysis we
maintain the same selection cuts in this dissertation. The cross section of signal
process (v, €~ — v, e") has a strong dependency on the reconstructed angle and
energy of electrons (details in chapter 3). Therefore It is crucial to monitor the
distribution of reconstructed angle and energy after applying the selection cuts to

insure that we are not shaping the distributions.

64



x10° x10%
301~

10,

Second v-mode run 2016
Second v-mode run 2017

Second v-mode run 2016
Second v-mode run 2017

25—

Events Number/bin
Events Number/bin

20

C"'I"'I"'I'"I"'I"'I"'I"'I"'I"' G-|||||||||| aalven b b biss e
1 08 06 04 02 0 02 04 06 08 1 0 05 1 15 2 25 3 35

cos8, Eq(MeV)

Figure 6.3: The electron angle (energy) distribution of observed data on the left
(right) after applying the preselection cuts except for direction.

6.3.1 Event Preselection

The selection of neutrino electron elastic scattering events from the beam data
starts with a set of precuts to identify potential electrons in the forward direction.
Table 6.1 shows the expected number of events from beam related background,
dirt background and signal channels after applying the preselection cuts one-by-
one sequentially.
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The preselection cuts are listed bellow:
. Single subevent (onese)

One subevent is a criteria (section 4.6.2) which applied to reject electrons from
muon decay when the electron and muon both produce electron subevent in the
beam window. Since we expect to observe only the electron from the v, e~ —
v, €~ interaction this cuts can rejects the electron in the second subevent.
. Direction cut: cost, > 0.9

The direction cut is motivated by the kinematic of the electron neutrino elas-
tic scattering, the details discussed in section 3.3, equation 3.14 shows that
electron neutrino events are strongly peaked at low angle.

Tank hit (Thit) > 200

The tank hits cut requires to ensures that the event is sufficiently energetic. The
left panel of Figure 6.4 shows the tank hit distribution for various channels in
the analysis, it demonstrates how adding tank hit to one subevent and direction
cuts reduces the Neutral Current Elastic Interactions (NC-Els) events with high
efficiency. The right panel shows dependency of the tank hit variable on the
electron energy. It presents how this selection cuts the events with the energy
less than 50 MeV. Since the Michel electron spectrum stops at the average
energy of 52.8 M eV (Figure 4.13), the tank hit cut excludes virtually all Michel
electron events.

Veto hit (Vhit) < 6
The veto hit (the number of hits in the veto region) cut is to demand that the
events contained within the main tank volume is consistent with a neutrino
interaction inside the tank. By requiring that the veto hits is less than 6, we can
rejects almost all of the particles that leave the fiducial volume.

Beam trigger window
The beam trigger window cut is based on the observed time distribution for the
CCQE process. Figure 6.5 shows the Monte Carlo simulation in time distribu-
tion of the CCQE first subevent, it shows that most beam related interactions
occur between 4550 ns and 6250 ns. Using as narrow a time window as possi-

ble helps reduce the rate of cosmic ray events in the data sample.
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Figure 6.4: Left panel shows tank hit distribution of various channels in Mini-
BooNE, right panel shows how the tank hit depends on electron energy. The
distributions presents the events number after applying the single subevent and
direction cuts

6. Electron event vertex cut R.j..;ron, < 500cm
The radial location of the reconstruction electron event verteX (Fejeciron) CUt
keeps events away from the tank edge. The 500 c¢m requirement is the usual
fiducial cut used in MiniBooNE to ensure that events are contained in the de-
tector, within the region where they can be accurately reconstructed.
The last column of Table 6.1 presents the expected number of events in compari-
son with the observed data events after applying all preselection cuts, the preselec-
tion cuts results in 8.5 + 0.02% more observed data events than what is expected
from Monte Carlo. In the next chapter we show this excess is due to the overall
flux error in the analysis. Figure 6.6 shows the stack electron angle (energy) dis-
tribution after applying the preselection cuts.
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Figure 6.5: The time distribution of the CCQE first subevent is shown to be be-
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6.3.2 Further Event Selection

The selection of neutrino electron elastic scattering events from the beam data
continues with a set of specific cuts to extract potential electrons in the sample.
Table 6.2 shows the expected number of events from beam related background,
dirt background and signal channels in comparison with observed data after apply-
ing the further selection cuts. The last column shows the number of the expected
events and observed data in the region of the signal, note that this selection is not
included in this analysis. The last row presents the efficiency of each cut where
computed by the fraction of the number of the signal events after applying the cut
to the number of the signal events form the previous cut. The total efficiency of
the cuts is then 28%.
The cuts are listed below:
1. p endpoint < 488 cm
The location of the track endpoint is another cut in addition to R.jcctron to keep
the events away from the tank edge where they can be reconstructed better.
2. Particle identification (PID) cuts
We used the same cuts as for the MiniBooNE oscillation analysis (equations 4.5
to 4.7) to select electron neutrino elastic scattering events and remove back-
ground events with ; and 7° in the final state. The efficiency of the PID sets of
cuts for the signal channel in this analysis shows in Figure 6.7. The left (right)
panel shows the efficiency as a function of electron angle (energy). It should
be noted that plots show only the bins in which signal events are available. The

large error bars are due to limited MC statistics.
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3. Distance to the wall, backward (RtoWally, 1..pqrd)

RtoWallpgckward > 347.3 - 0.595 E, and RtoWally,rara < 9999.0.

The RtoWall cut applied to excluded the events generated in dirt outside the de-
tector and detected inside it. Photons produced in the dirt events can penetrate
the veto region and find their way into the main tank. They constitute an im-
portant source of background because they could easily be misidentified as low
energy electrons. Figure 6.8 shows a cartoon representation of an interaction in
which a single v arising from 7° decay enters the detector. In order to measure
the rate of dirt events in the data, MiniBooNE used a Monte Carlo sample of
events generated outside the tank and applied a cut on a reconstructed quantity
that measures the distance of the event vertex to the wall of the tank in the

backward direction. This quantity often called Rtowall is defined as:
RtoWall = ﬁevents-ﬁevents + ((ﬁevents'ﬁevems)2 - |ﬁevents|2 + |RO|2)1/2-

where ﬁevems represents the reconstructed event-vertex, while ﬁe’uents is the
reconstructed direction. Here 7y is the radius of the fiducial sphere which set
to 550cm.

A, e shower
Figure 6.8: A cartoon representation of a photon from the decay of a 7° event

produced from the interaction of neutrinos with the dirt outside the detector.

Figure 6.9 shows the scatter plot of RtoWall as a function of the reconstructed
energy of electron after applying the preselection cuts. The black curve indi-
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cates the maximized cut value that separates a simulation of NUANCE chan-
nels (blue) from a simulation of dirt events (red). The left (right) panel of
Figure 6.10 represents 2-dimensional plot of RtoWall as a function of recon-
structed energy of electron after applying the preselection cuts on signal (dirt),
the black curve indicates the RtoWall selection. The plots illustrate that the
selection reduces the dirt events dramatically.

1200

Rtowall

—— NUANCE Channels
1000

—e— Dirt

".III|III

800

0 500 1000 1500 2000 2500 3000 3500 4000
(MeV)

e

Figure 6.9: The scatter plot of RtoWall as a function of the reconstructed energy
of electron after applying the preselection cuts, the black curve indicates the max-
imized cut value that separates a simulation of NUANCE channels (blue) from a
simulation of dirt events (red).
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(dirt), the black curve indicates the RtoWall cut value.



6.4 Final distribution

Adding all the cuts, listed in previous section, produces the distribution which
used to compute the cross section of the electron neutrino elastic scattering. Left
(Right) panel of Figure 6.11 shows the electron angle (energy) after applying all
selection cuts, the plots indicates almost all simulated signal events appears to
be in the direction of cosf, > 0.99, although there are still background con-
tamination in the signal bins (details in section 6.5.2). By considering the cut of
cosf. > 0.9 we also keep the bins of only background in the analysis in order to
get the extrapolation of background in the signal bins.

The last column of Table 6.2 shows the expected number of signal and back-
ground events compare to observed data in the signal bins where cos . > 0.99.
The significance of the excess in signal bins is estimated by the fraction of differ-
ence between observed data (n4,4,) and expected number of events from Monte

Carlo (n4i4 + nprg) to the square root of total observed data:

Ndata — (Nsig + Mokg)  107.0 — (30.68 +47.09 + 3.82) 9 450 6.1)

v Ndata V 107.0

76



77

-_g —}— Data(stat error) B ccqe g F —}— Data(stat error) B ccoe
5 B 560 |mmner
£ o B o £ [ |mmwer . o
=] =] -
z z [
%) 7 Bl siognal
< 2 50
[} o |
> >
m o |
40

0
0.9 0091 092 093 094 095 0.96 097 098 099 1 .
cos8, E¢(MeV)

Figure 6.11: The stack electron angle (energy) distribution on the left (right) for
various channels in MiniBooNE along with data with its statistical error after ap-
plying all cuts.



6.5 Sample Contamination

After defining all the selection cuts, this section presents the sample contamination
after consecutive selection requirements. The composition of different interaction
types after applying the cuts one-by-one sequentially demonstrates in Table 6.3
(Table 6.4) where cosf, > 0.9 (cosf. > 0.99).

The percentage of the composition sample for individual cut (Cf#ttemctim_type)

cut

in the tables is defined as the number of events of specific interaction type (n
which passing the cut divided by the number of events for all interaction type

cut

(nyu,) passing the cut,

ncut
Ccut __ "Yinteraction—type 6.2
interaction—type ncut ( : )
total

consequently each column of the tables presents the total 100%.

6.5.1 Composition of Samples after applying the cuts one-by-one (cos . > 0.9)

Figure 6.12 shows the number of events of the various interaction types after ap-
plying the cuts one-by-one subsequently which corresponding to the percentages
present in Table 6.3.

Figure 6.12 shows how adding the individual cut affects the number of events
of the specific interaction type. The last column of the table shows the contam-
inations after applying all selection requirements in the analysis. The purity of
electron neutrino elastic scattering (signal) is low, with only 8%, and the most
dominated background events in the analysis are CCQE, resonant process with

more than 27 and NC7° respectively.
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6.5.2 Composition of Samples in Signal Bins after Applying The Cuts One-
by-one (cosf, > 0.99)

Figure 6.13 shows the number of events of the various interaction types after ap-
plying the cuts one-by-one subsequently which corresponding to the percentages
present in Table 6.4. It should be noted that this section presents the contamina-
tion of the various interaction types in only signal bins where cosf, > 0.99 in
order to study the effects of the cuts in very forward angle where almost all signal
events are.

Figure 6.13 shows how adding the individual cut affects the number of events
of the specific interaction type in very forward angle. The last column of the table
shows the contaminations after applying all selection requirements in the analysis.
The purity of electron neutrino elastic scattering (signal) is ~ 40%, and the most
dominated background events in the analysis are resonant process with more than
27, NC7® and CCQE respectively.
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6.6 Summary

After applying the selection cuts on the data with twice more POT than the pre-
vious v-mode data still the purity of the signal sample is low. In order to study
the distribution of reconstructed signal events, it is necessary to obtain more pure
sample. This goal achieved by fitting data distributions to Monte Carlo predicted
signal and background to extract the fraction of the signal events in data. More-
over we need to have the exact measurement on statistical and systematic uncer-
tainties associated with the selected data. In the following chapter we measure the

errors, and present the fit on selected data to compute the signal cross section.
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7 Cross section Measurement

After defining our signal by applying the selection cuts, described in previous
chapter, this chapter presents the electron neutrino elastic scattering cross section
measurement in MiniBooNE.

The analysis of this channel is performed using statistical fits to extract the
number of signal events in the data sample. Fitting is necessary because of the
relatively low purity of the final sample after applying all selection cuts. The
detail of fitting procedure is described in the following section, followed by a list
all the possible systematic uncertainties and the procedure employed to add them
to the analysis, at the end the cross section measurement method and its validation

discuss.

7.1 Fit Procedure

Table 6.3 showed that only ~ 8% of the events in the final sample selection are due
to electron neutrino elastic scattering. It was also mentioned earlier that in order to
overcome the limitation on the purity of the signal events we employ statistical fit
of the data to MC predicted signal and background distribution. As illustrated in
Figure 6.1, the signal events scattered in very forward direction with low energy,
and the final distribution (Figure 6.11) showed the background events are nicely
constrained by cos 6, distribution, but the energy distribution of the background
do not follow any specific pattern. As a consequent the electron neutrino elastic
scattering events can be distinguished from the background events in the angular
distribution, although the signal bins (cosf. > 0.99) in the angular plot have
contamination of the background events which come from wide range of energy
from 50 MeV to 4 GeV. The combined fit of the two distributions allows to
increase signal purity by spreading the background events with their wide range
of energy.

Note that the 2-dimensional fit requires high statistics for the fitting algorithm
to converge. Since the selected sample has low statistics, the reconstructed energy
is divided into only two bins of low ( < 800MeV') and high ( > 800MeV’) elec-
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tron energy. Moreover since the sample has lower statistics in high energy region
the angular distribution in that region is divided into ten bins, while the low energy
region with high enough statistics grouped into twenty bins. Figure 7.1 shows the
so-called 2D distribution of cos 6, with two bins of reconstructed electron energy
for the signal and all possible background events. Table 7.1 (7.2) shows the sam-
ple contamination after applying the cuts subsequently in low (high) electron en-
ergy. Since the signal events appear mostly in low energy the purity of the signal

increased to ~ 13% in that region.
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Figure 7.1: The 2-dimensional distribution of cos ¢, and F. in final selection sam-
ple.
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7.2 Measurement Uncertainties

Before measuring the final cross section we need to assess the systematic and sta-
tistical uncertainties associated with the measurement. The individual normalized
error contributions to the total electron neutrino elastic scattering cross section is
listed in Table 7.3. We begin by presenting the definition of each individual un-
certainty in MiniBooNE, and show the procedure of computing them, later (sec-
tion 7.4).
The systematic uncertainties can be classified into one of the following three
types:
1. Flux uncertainty: the uncertainty in the flux is due to the combination of the
following uncertainties :

* POT error: this error is due to the uncertainty in number of POT delivered
to the MiniBooNE target by the Fermilab Booster.

* Beam error: this error associated with horn uncertainties and uncertainties in
the target that affect the neutrino flux. The uncertainty involves parameters
like: skin depth, horn current, nuclear inelastic cross section, nuclear quasi-
elastic cross section, pion inelastic cross section, pion quasi-elastic cross
section, and pion total cross section.

e mt, 77, K° K~, and K™ production in the target: These five uncertain-
ties are due to the uncertainties in the meson production from the simulation
of inelastic interactions of proton in the Beryllium target with the poten-
tial to produce these mesons. The number of particles produced in an in-
elastic scattering follows the Poisson distribution with dependency on dou-
ble differential cross section for different meson productions, Sanford-Wang
parametrization describes the production of 7%+ and K°, on the other hand
production of K+ (K ) describes by Feynman scaling (MARS15 hadron
MC package) for more details see Ref. [69]. The uncertainties associated
with the parameterization of the double differential cross section involve in
these last five uncertainties.

2. Cross section uncertainty: the uncertainty in the cross section is due to the

modeling:
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* Hadronic model error: the uncertainties in the hadron production model in
the MiniBooNE detector appears to this error.

o 7 yield error: the uncertainty in the 7° production in the detector.

* Cross section error: the uncertainties in the cross section parameters shown
on Table 5.2. For the electron neutrino elastic scattering cross section mea-
surement, these parameters are allowed to vary only for the background
events.

* Dirt error: the uncertainty in the dirt background measurement.

3. Detector uncertainty: the uncertainties in the detector response is due to fol-
lowing sources:

* Discriminator threshold: is PMT response variation, the discriminator thresh-
old is varied from its central value of 0.1 P E' (photoelectric effect) to 0.2 PE.
The altered threshold affects hit timing and results in the loss of of some low-
charge hits.

* Charge-time correlation: is also PMT response variation, the charge- time
(QT) correlation variation concerns the shape of the PMT hit charge distri-
bution as a function of hit time. The error due to the uncertainty in the model
of charge-time simulation of the PMTs.

* Optical Model (OM): this error is due to the uncertainty in the modeling of
the optical properties of the detector target medium. OM excursions consist
of the variation of 35 correlated parameters:

— extinction length (5)

— Raleigh/Raman scattering (3)

— refractive index (3)

— PMT angular efficiency (2)

— scintillation yield from each fluor (4)

— fluorescence yield from each fluor (4)

— UV fluorescence yield from each fluor (4)
— time constant of from each fluor (4)

— Cherenkov scale factor (1)

— reflection (2)
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— Birk’s law coefficients (2)

— old/new PMT relative efficiency (1)
Because of computing constraints, the MC sample generated for each excur-
sion was limited to having only data-sized statistics. 66 (130) throws were
generated for neutrino (antineutrino) mode. Each throws was ran with data
statistics collected. By adding the new neutrino mode data (MicroBooNE-era)
we have more data (twice more POT), as a consequence the statistical error
predicted by OM is now higher than what it is in reality with new data.
By the time of finishing this analysis the MC throws on OM with new data size
are not available. Therefore we introduce a method in which the old statistical
error subtracted from OM and new statistical error from data added to it. The
study on the effects of this method discusses by comparing the results of the fit
where the new statistical error from data added instead of the old errors (details
in section 7.5).

Consequentially we have a total of 15 systematic uncertainties, plus statistical

error to consider in computing the cross section.

7.3 multisim and unisim

Systematic uncertainties for MiniBooNE are calculated with two different meth-

ods: 1) unisim, and 2) multisim [70]. unisim are generally used when the effect on

the final physics parameters are changed and the response functions are known,

while multisim are generally used when the covariance matrix of the input param-

eters is known.

1. unisim: For this method, a new set of MC events "M C"5™" for individual
systematic is created by changing a particular parameter to a 1 — o excursion
value, and an error matrix may be constructed by combining with the MC of

the best estimation of the parameter which called central value MC, "M C"",
MZLj'I’LlSZm — (Niunzszm _ Nicl))(N;LTLZSlm _ NJC’U) (7.1)

Here, N5 and N are the number of events in the i bin of a given his-
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Sources of Error Total Normalized Error %
POT 2.8 )
Beam-Unisim 2.8
K~ Production 2.5
K*Production 39 Flux Uncertainty = 8.1%
K°Production 3.7
7 Production 2.6
7~ Production 2.8 )
Hadronic production 2.7 )
7V Yield 3.5
cross section (backgrounds) 10.3 Cross|Section Uncertainty = 11.13%
Dirt 2.7
CCQE -CCr 2.6 )
Optical Model 7.2
Discriminator threshold 1.4 Detector Uncertainty = 8.3%
Charge-time correlation 39
H statistical error from data 5.1 H

Table 7.3: Individual normalized error contributions to the total e~ v elastic scat-
tering cross section

togram from the unisim MC (M C"*s"™) and central value MC (M C®), re-
spectively. All unisim parameters are assumed independent, so the total error
matrix considering all unisim parameters is the simple sum of all unisim error
matrices.

The uncertainties due to the discriminator threshold, and charge-time correla-
tion are calculated by using unisim method. Figure 7.2(a)(7.3(a)) shows how
1 — o excursion value of discriminator threshold (charge-time correlation) in
gray compares to M C in black. Figure 7.2(b), and 7.3(b) illustrate the co-

variance matrix (equation 7.1) for the corresponding detector unisim errors.
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2. Multisims: Some systematic Uncertainties are highly correlated, the unisim
method cannot estimate the systematic error correctly if there are correlations
between different parameters. The multisim method correctly handles this ef-
fect. First, we classify parameters into G groups. The ¢'" group consists of u
parameters. These parameters are dependent upon each other, but independent
from the parameters in other groups. So, in the end, we can form G indepen-
dent multisim error matrices and the final total error matrix will be the simple
sum (it should be noted that the matrix is already quadratic) of all matrices.
For our case, all different sources of error in Table 7.3 (except last 3) are based
on multisim (G=13).

Several throws are run to see how the reconstructed distribution changes by
choosing different parameter values based off the input covariance matrix. This
is possible because the analytic and simulated relationship between the input
parameters and the true energy of the event is known. The covariance matrix

from the multisim method was calculated by following equation:

1 Nihrows

Mgwltisim _ Z (NF — NevY)( Nj’? — N{”) (7.2)

Nthrows k=1

where N is the number of events in i*" bin of k" histogram from the k" MC
run in the set of multisim.

For the uncertainties due to the neutrino flux prediction and the neutrino cross
section, the multisim can be constructed by an event-by-event re-weighting.
Varying the parameters do not change the nature of the events, but just likeli-
hood of their occurring which can be controlled by weight the events. In our
case, we ran 1000 MC throws for the flux and cross section uncertainties, more
details on systematic uncertainties can be found in Ref. [6]. Figure 7.4 shows
the multisim MC throws (gray) compare to cv MC (black) in the 2-dimensional
distribution for the first twelve sources of multisim errors in Table 7.3, the first
20 (last 10) bins represent the angle of cosf, > 0.9 in low (high) energy
region, the red square in the plots indicate the sources of the flux uncertainties.

It important to note that the cross section modeling errors just applied on the
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background in the analysis since we are computing the signal cross section.
Moreover Figure 7.5 shows the cross section modeling uncertainty on each
individual background channels.

Figure 7.6 and 7.7 illustrate the covariance matrices (using equation 7.2) as the
result of the total sources of flux uncertainties (with the total normalized errors
of %8.1) and cross section uncertainties (with the total normalized errors of
%11.13) respectively.

The covariance matrices demonstrate that the last bins of high energy region
with the angle cos . > 0.97 have the highest ambiguity. This big uncertainty
in high energy region of the Cross Section Modeling (CSM) is due to big un-
certainties on the modeling of CCQE and resonant process with more than 27
channels. The covariance matrices of the cross section modeling of these two
channels are shown in Figure 7.8. Table 7.4 shows the normalized cross section
modeling uncertainty on each background channel in low and high energy re-
gion (first column), and as the low and high energy are separated in the second
and third columns on each background channel.

H Background channel H CSM EITOT (tow and high enerey) % H (Lowenergy) % (High energy) % H
Resonant process (> 2) 3.1 5.2 5.5
CCQE 8.1 3.9 12.4
NC-DIS 1.0 0.6 2.8
NC-Els 1.0 1.9 0.1
CCrt 2.2 1.0 4.1
CCr? 0.6 0.4 1.1
NCr® 32 3.6 3.3
NCr+/~ 2.8 5.1 0.3
Total CSM Uncertainty 10.3 9.2 14.9

Table 7.4: Normalized error (on individual background channels) contributions
to the total Cross Section Modeling (CSM) uncertainty in e~ v elastic scattering
cross section measurement.
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On the other hand, for the OM uncertainty, this re-weighting method could not
be used due to the effect on the nature of the events (e.g. energy, angle, and
time distributions) when the OM parameters are varied. Thus the OM multisim
were produced by generating 66 fully reconstructed simulations based on the
covariance matrix of the 35 OM parameters, which then passed through the
selection cuts.

Figure 7.9(a) shows how 66 OM throws (gray) varies from the central value
(black) in 2-dimensional distribution. Figure 7.9(b) illustrate the covariance
matrix (using equation 7.2) for the OM uncertainty. Therefore the total un-
certainty due to the detector is a simple summation of the OM, Discriminator
threshold and Charge-time correlation which result in 8.3% uncertainty.
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7.4 Uncertainty Calculation

Equation 7.1 (7.2) forms an n X n (n is the number of the bins in the histogram)
error matrix for each uncertainty, which computed and illustrated for each indi-
vidual error in previous section.

The diagonal element of this error matrix, M;;, is called the variance of NV;,
var(N;), and an off-diagonal element, M,;(i # j), is called the covariance of IV;
and N;, cov(N;, N;). Then the total error for the it" bin, S N;, is:

ON; = /My (7.3)

if the histogram is combined into only one bin, Ny = N; + - -- 4+ N,,, total error
for the total number of events, Nt , becomes:

ONp = var(Ni+---+ No) = | M; (7.4)
ij

where we used the sum rule of variance and covariance,

for 2 x 2 matrix: wvar(N;+Ns) = var(Ny)+var(Ny)+2cov(Ny, No) = Z M;;

In order to show the size of the error matrix in a single number, the "total

normalized error" introduced as

SNy A 2 My 76

Nt :N1+"'+Nn

The total uncertainties in Table 7.3 computed by using equation (7.6).

104



7.5 Fit Monte Carlo To Data

The fit to data distributions allows us to estimate the correction in flux averaged
cross section of electron neutrino elastic scattering coming from MiniBooNE MC.
In this section the results of the fit presents where the complete study discusses on
the uncertainties.

The fitting routine uses MINUIT to perform a y* minmization, returning the
best estimate of the correction factor on the MC prediction in the observed data.

Here, all background MC are added together. The background prediction, with
different shape in low and high energy region, floats with two separated fractions
(the background fraction in low (né‘ﬁ;_E ) and high (ng,igh_E) energy region).

On the other hand the signal prediction, with the same shape in low and high
energy region, floats with only one overall fraction in both low and high energy
region (n,). In order to consider the different efficiency of the signal in low and
high energy region we have to correct the fraction in high energy region with the
fraction of the number of signal events in high energy (a = 5.41) to the number of
signal events in low energy (b = 29.78), ¢ = %. Note that this fraction adds an
additional systematic uncertainties which has to be taken into account. The error
propagation of the fraction is considered to be the Poisson error of the fraction
where there is no correlation between them in the bins of the signal in high energy
region.

As mentioned earlier in order to use the best constraining information from all
background prediction in the analysis, the distribution considered to have wider
angel range than the only signal bins. We do the fit on 30 bins, 20 bins in low
energy plus 10 bins in high energy in the angle of cos . > 0.9.

The v? function to minimize is
X

all bins(30) all bins(30)
X2 = Z (Nidam - NZMC) (Mt_otlal)ij (detlta - N]MC) (77)

1 7j=1

—~

i

where NMC (Nfata) is the number of events predicted (observed) in the i bin

and M, ! is the inverse of total error matrix resulting from various sources of

105



uncertainty,

Mtotal - Mflux + Mcross—section + Mdetector + Mdata—stat + M% (78)

NMC s the sum of the number of signal (N;*) and background (N"9) events

predicted in the i*" bin with their correction factors,

NMO =ngy x N + nge=F x N*  where i < 20 (low energy) (7.9)

NMC — % Neig X N9+ ng,igh_E x N  where i > 20 (high energy)
(7.10)
This section presents the results of minimizing the y? function (doing the fit).
First, the fit with varying only the signal (background) prediction correction fac-
tor(s) in the grid presents in order to study the behavior of data with no enhanced
in background (signal) model. Then, the results of the signal-background fit with
varying the signal and background predictions simultaneously present. Floating
the background prediction along with the signal provide an important constraint
on the background number of the events in the signal region where cos 6, > 0.99.
Moreover varying the background in the fit can carry out the excess concluded
from the oscillation analysis.
Furthermore a complete study on the response of excluding/including the most
effective systematics uncertainties in the fit results presents for both signal (back-
ground) only and signal-background fit.

7.5.1 Signal Only and Background Only Fit

In order to study signal model itself and obtain the estimate of the signal frac-
tion with the assumption of the perfect background model, we vary only the sig-
nal fraction in the grid of 30 bins, the number of degrees of freedom (d.o.f.) is
obtained by (#bins—#free parameters), here 30 (bins) —1 (free parameter)= 29

(d.o.f.). Minimizing x? function with one free parameter (n;,), where all system-
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atics uncertainties included in the analysis, results in ng, = 1.62 &= 0.37. The
study on the response of excluding/including systematics uncertainties in the fit
results present in the second box of Table 7.5.

On the other hand in order to study the background model itself and obtain
the estimate of the background fractions with the assumption of the perfect sig-
nal model, we vary only the background fractions in low and high energy in the

grid (28 d.o.f.). Minimizing x? function with two free parameters (né‘,’%”E and

ng,gth), where all systematics uncertainties included in the analysis, results in
nlb‘,’;;_E =142 +£0.15 and n;f,izh_E = 0.90 £ 0.21. The study on the response of
excluding/including systematics uncertainties in the fit results present in last box

of Table 7.5.

7.5.2 Signal-Background fit

Signal-background fit performs with varying three fit parameters, 7, néf’;_E

and nZ,if]h*E in the grid (27 d.o.f.) in order to find the values that minimize x?
function. The results are the correction to the model prediction from MiniBooNE
MC. Table 7.5 shows the fit results. The first row shows the fit results of standard
fit where all errors included. The rest show the results where cross section model,
flux and OM uncertainties excluded and included. Finally the last row shows the
fit results of statistical error only.

Since the fractions computed for overall direction and energy the results are
the flux average cross section. The fit results, where all errors included in mini-

mizing y* function, are
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Ngig = 1.42 4 0.37
ngw " =1.39£0.15
e ™% =0.89 +0.21
x> 1248
do.f. 27.0

(7.11)

Figure 7.10 illustrate these results into the grid of the fit, the top plot shows the
comparison of pre-fit and post-fit (by applying the correction factor), the bottom
left shows correlation matrix within the fitting region of direction and energy (first
20 (last 10) rows/columns corresponding to 20 bins (10 bins) of angle in low (high)

energy), and the bottom right shows correlation matrix of the fit parameters.
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The confidence ellipse of three fit parameters shows in Figure 7.11, it allows to
visualize a 3D confidence interval for one, two and three standard deviation (std).
The star shows best fit results is in the center of the ellipse, the circle shows the
values expected form standard model, and the cross shows the point where we con-
sider 20% excess coming from oscillation analysis in the background channels. It
shows that the results of the fit are ~ 20 from standard model and oscillation

€XCEeSss.

best fit

standard model
oscillation excess
1std

2std

3std

| RRE

o

e
nhigh - °
Background

Figure 7.11: The confidence ellipse for three fit parameters (standard fit) with its
projection on each plane.
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Figure 7.12 to 7.27 (the notations are same as Figure 7.10 and 7.11) illustrate
the results of the signal-background fit from first box of Table 7.5 into the grid
of the fit with excluding/including each of the most effective error in the fit to
estimate the response of the fit with each of the systematic uncertainty in the
results.

Looking closely into the Table 7.5 and comparing the results of OM with old
and new statistical uncertainty shows there is an unexpected cancelation happen-
ing in off diagonal terms of OM matrix when we subtract the old statistical un-
certainty and add the new statistical uncertainty based on new POT of data, the
errors expected to decrease as a result of more available data while it increases.
The strange change in the error proves that we do not consider a perfect correla-
tion in OM covariance matrix, and we need to re-throw OM for the appropriate
POT. Also, an other reason of not having the prefect correlation in OM appears
in the x? results of the fit, including OM uncertainty in the analysis pulls the x>

2
d.o.f
including the OM uncertainty to excluding it shows that we are overestimating the

in a bad way while excluding the OM results in X~ ~ 1. Comparing the x? of

OM uncertainty in this analysis, it can be fixed by new MC sets with appropriate
POT. As we mentioned earlier the OM is not the largest error in this analysis, we
believe this approach would be reasonable enough to take the new statistical error

into account.
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Figure 7.15: The confidence ellipse for three fit parameters (flux uncertainty ex-
cluded) with its projection on each plane.
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Figure 7.16: The plots with excluding optical model uncertainties (the notations
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Figure 7.17: The confidence ellipse for three fit parameters (optical model uncer-
tainty excluded) with its projection on each plane.
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Figure 7.19: The confidence ellipse for three fit parameters (only cross section
model and statistical uncertainties included) with its projection on each plane.
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Figure 7.21: The confidence ellipse for three fit parameters (only flux and statisti-
cal uncertainties included) with its projection on each plane.
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tions are same with Figure 7.10).
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Figure 7.23: The confidence ellipse for three fit parameters (only optical model
and new statistical uncertainties included) with its projection on each plane.
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Figure 7.24: The plots with optical model and old statistical uncertainties (the
notations are same with Figure 7.10).
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Figure 7.26: The plots with only statistical error (the notations are same with
Figure 7.10)
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7.5.3 Test Statistic and Probability of Fit

Generating Fake Date

In order to get the estimate of the probability of fit, we need to generate fake data
and do the fit on them. The y? cumulative probability distribution of the best fit
to fake data results in the probability of the fit. This section presents how the fake
data sets are generated.

Fake data is generated around a given central value with corresponding covariance
matrix that explain the uncertainty in each bins. The schematic of how to generate
fake data shows in Figure 7.28. The covariance matrix is decomposed by Cholesky
decomposition [], M = LLT, the result is an upper, or lower triangular matrix.
An uncorrelated random number generated from a Gaussian distribution with a
mean of zero and a standard deviation of one for each bin in the distribution.
Multiplying the triangular matrix by the vector of uncorrelated random numbers
results in a correlated random numbers as a vector. Adding the correlated random
numbers to the central value distribution produce fake datas. It should be noted
that the negative value is set to zero because number of events cannot measure
count less than zero. /V uncorrelated random numbers vector need to be produced

in order to generate N fake data set.

53] m
covariance matrix]  Cholesky decomposition L g 5
Q Q - )
30 x 30 > 30 x 30 S| |5 T8
X
M=LLT = &
30 x 1 30x 1 30x 1

Figure 7.28: Schematic of how to generate fake data

Figure 7.29 shows the cumulative probability distribution for the best fit to
fake data, this shows that the probability that the prediction compared to data

yields a test statistic of % is =~ 20% - fit is good.
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Figure 7.29: The cumulative probability distribution for best fit to fake data sets.



7.6 Conclusion

One of the primary goal of the neutrino experiments is to test the three neutrino
flavor model by obtaining high-precision values of the neutrino oscillation pa-
rameters. Since both the neutrino energy and oscillation length can be relatively
well controlled in accelerator-based neutrino experiments it plays a crucial role
in testing the oscillation model. However, there is a inadequacy of neutrino cross
section information in the energy region important for accelerator-based neutrino
experiments.

This study is the first time measurement of the electron elastic scattering cross
section in MiniBooNE, providing important information about the electron neu-
trino scattering cross section in carbon. The standard fit results in the correction
factor of NUANCE electron neutrino elastic scattering cross section. Table 3.4
is given the values of total electron neutrino elastic scattering cross section, con-
sidering the correction factor coming from this study on the signal channel (v,e~

elastic scattering) the cross section in MiniBooNE detector is

o(ve” — vue”) = (2.13 £ 0.55(stat. + syst.)) x 107 E, em?/C Hy MeV.
(7.12)
in comparison to the previous cross section measurement of this channel (Ta-
ble 3.5), the result is in the same range of the CHARM (SPS) experiment. It
should be noted that the uncertainty due to optical properties of the detector at
this point is the best estimate and it will improve by the MC throws that explain
the new data sets.

Also this channel is the cleanest channels of the neutrino scattering, and can
contribute to the check for the flux measurement in general.

In addition, as it mentioned earlier MiniBooNE facilitated a dedicated light
dark matter search with a special off-target run. In order to measure the electron
scattering from dark matter the well understanding of its background channels is
needed. The electron neutrino scattering is one of the most dominated background
in electron DM analysis. This complete measurement of the cross section, where

all the systematics associated with the data and the detector included, furnishes
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the study on the electron dark matter scattering as the next analysis. The electron
DM scattering has the same characteristic with the interaction to this channel, the
only difference is the time delay of massive DM compare to neutrino with tiny
mass. Now then by adding the timing cut DM can be distinguished from neutrino

interaction.
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