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ABSTRACT

There is now substantial evidence that the proper description of neutrino involves
two representations related by the 3 x 3 PMNS matrix characterized by either distinct
mass or flavor. The parameters of this mixing matrix, three angles and a phase, as
well as the mass differences between the three mass eigenstates must be determined
experimentally. The Main Injector Neutrino Oscillation Search experiment is designed
to study the flavor composition of a beam of muon neutrinos as it travels between the
Near Detector at Fermi National Accelerator Laboratory at 1km from the target, and
the Far Detector in the Soudan iron mine in Minnesota at 735km from the target.
From the comparison of reconstructed neutrino energy spectra at the near and far
location, precise measurements of neutrino oscillation parameters from muon neutrino
disappearance and electron neutrino appearance are expected. It is very important
to know the neutrino flux coming from the source in order to achieve the main goal
of the MINOS experiment: precise measurements of the atmospheric mass splitting
|Am3,] , sin?fy3. The goal of my thesis is to accurately predict the neutrino flux
for the MINOS experiment and measure the neutrino mixing angle and atmospheric

mass splitting.
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CHAPTER 1
INTRODUCTION

Neutrinos play a crucial role in fundamental particle physics and have a huge im-
pact in astrophysics and cosmology. The Standard Model of electroweak interaction
was constructed on the premise that the failure to observe right-handed neutrinos
implies that neutrinos are massless, and there is no mixing between the leptons. The
strong evidence for non-zero neutrino mass clearly indicates the existence of physics
beyond the minimal Standard Model. The smallness of neutrino masses together with
the amounts of lepton flavor violation found in neutrino oscillation experiments pro-
vide insights into possible modifications of the current Standard Model of electroweak

interactions, and open a new window towards the Grand Unification of energy scale.

1.1. A BRIEF HISTORY OF NEUTRINOS

The idea of neutrino was first proposed by Wolfgang Pauli in an open letter to a
December 1930 physics conference at Tubingen. In order to explain the continuous
beta decay spectra [Pauli, 1978], Pauli postulated the existence of a new particle,
neutrino. Pauli required his hypothetical particle to be neutral and has spin 1/2; to
ensure conservation of electric charge and angular momentum. Learning of Pauli’s
idea, Fermi [1934] formally developed a comprehensive theory of beta decay.

Neutrino is an elementary particle that usually travels close to the speed of light, is
electrically neutral, and is able to pass through ordinary matter almost undisturbed.
According to Bethe and Peierls, the weak interaction would allow a neutrino to pass
through 50 billion miles of water without interacting [Bethe and Peierls, 1934]. Neu-

trino detection seems impossible. In the early 1950s, however, Reines addressed this



problem and searched for a way of measuring inverse beta decay
Ve+p—n+et (1.1)

To detect such a rare, low cross-section reaction required both a large target and
an enormous flux. In 1956, Reines and Cowan settled on using the Savannah River
nuclear reactor in South Carolina, which minimized background effects, and a large
water target [Cowan et al., 1956]. Although reactors provide a large flux of anti-
neutrinos from beta decays, their signal rate is only a couple per hour. On the other
hand, they developed an ingenious method for identifying the outgoing positron. In
target matter, positrons promptly slow down and annihilate with electrons, producing
two 0.5 MeV gamma rays, which are detected by two large scintillation detectors. In
a few microseconds the neutron is slowed down sufficiently in the water and finally
captured by the cadmium chloride. Measurement of the slowdown time completed by
the final identification. A small but clear signal of less than two events per hour was
observed, their results provided unambiguous confirmation of the electron neutrino
existence. This experiment was the first reactor-neutrino experiment.

In 1956, T.D.Lee and C.N.Yang suggested the parity violation in the weak in-
teraction in order to explain the famous 6-7 puzzle [Lee and Yang, 1956]; K, the
one called 6, decay into two pions, whereas K, the one called 7, decay into three
pions. The puzzle was that # and 7 have the same mass, spin, and charge. A number
of tests to observe parity violation were suggested by Lee and Yang. Subsequently,
parity violation was observed in the -decay of polarized ®Co, 7t — u™ + v, and
put — et +rv.+7, [Wuet al, 1957].

The structure of the V' — A theory, formulated in 1958 by Feynman and Gell-Mann
[1958], Sudarshan and Marshak [1958] and Sakurai [1958] can easily be realized in the
lepton sector by using the two-component theory of a massless neutrino, proposed

in 1957 by Landau [1957], Lee and Yang [1957] and Salam [1957]. In this theory,



neutrinos are left-handed and antineutrinos are right-handed, leading automatically
to the V' — A coupling.

In 1958, Goldhaber, Grodzins, and Sunyar at Brookhaven National Laboratory
(BNL) measured the polarization of a neutrino in the electron capture e~ +'92 Fu —1%2
Sm* 4 v,, with the subsequent decay %2Sm* —1°2 Sm ++~. They found the measured
polarization of photon implies that the polarization of the v, was indeed in a direction
opposite to its motion (left-handed) [Goldhaber et al., 1958], within experimental
uncertainties. This result is in agreement with the V-A nature of the weak interaction
predicted by Feynman and Gell-Mann [1958].

In 1962, L.M.Lederman, M.Schwartz, J.Steinberger et at. succeeded at BNL in
establishing the existence of the second neutrino v, [Danby et al., 1962]. This ex-
periment marked the first serious accelerator neutrino experiment. In 1975, a new
lepton, tau, was discovered by a group led by M.Perl at the Standard Linear Acceler-
ator Center. Experiments performed shortly afterward provided strong evidence that
there also exists a third species of neutrino, the tau neutrino, v,. The tau neutrino
was first detected in 2000 by the DONUT experiment [Kodama et al., 2001].

In 1980s the LEP experiments at CERN precisely measured the width of the Z
resonance. This measurement was highly significant for neutrino physics as it provided
very strong evidence there were only 3 light (m, < 45GeV), active neutrino flavors
[Decamp et al., 1989].

A crucial milestone in the theory of weak interactions is the formulation of the
Glashow-Weinberg-Salam Standard Model (SM) by Glashow [1961], Salam [1968],
and Weinberg [1967] in 1967. The model is based on an SU(2) x U(1) gauge model
proposed by S.L. Glashow in 1961, which predicted the existence of weak neutral cur-
rents and Z boson. The Standard Model incorporates the so-called Higgs mechanism
into the Glashow model. The Higgs mechanism allows the original massless gauge
bosons that appear in the local gauge group model to acquire longitudinal degrees of

freedom, finally making them massive as demanded in nature.



In 1973, the Gargamelle experiment at CERN discovered the weak neutral current
(NC) interaction

v,+e—=7,+e (1.2)

mediated by the Z° boson. The same series of experiments also observed the corre-
sponding neutrino-quark process by observing event induced by v / 7 that produced

hadrons, but no muon or electron [Hasert et al., 1973]:

v,+N — v,+X

v,+N — vy, +X (1.3)

The observation of the neutral weak current and the discovery of the intermediate
vector bosons W [Arnison et al., 1983] and Z [Bagnaia et al., 1983] at CERN in 1983,
at My = 82GeV/c? and My = 92 GeV /c? (as predicted), further proved the success
of this model.

No experiments that have been performed so far have detected conclusive devia-
tions from the SM, except neutrino oscillation experiments, which have shown that
neutrinos are massive and mixed. This discovery has made the SM an effective theory
of the yet unknown theory beyond the SM. The understanding of how the neutrino
would gain tiny masses and how they are mixed is an extremely challenging task that
we have to face. The answer must be found in the theory beyond the SM. Thus, the
neutrino is playing the role of a messenger of the new physics beyond the SM.

The rest of this chapter is devoted to the discussions of the properties of neutrino
and the phenomenon “neutrino oscillation” whereby a neutrino created with a specific
lepton flavor (electron, muon or tau) can later be measured to have a different flavor.

A detailed neutrino oscillation experiments are discussed further later in this chapter.



1.2. THE STANDARD MODEL

The Standard Model (SM) describes the strong, electromagnetic, and weak in-
teractions of elementary particles in the framework of quantum field theory. It is a
gauge theory based on the local symmetry group SU(3)¢ x SU(2), x U(1)y, where
the subscripts C'; L and Y denote color, left-handed chirality and weak hypercharge,
respectively. The gauge group uniquely determines the interactions and the number
of vector gauge bosons that correspond to the generators of the group. They are eight
massless gluons, corresponding to the generators of SU(3)¢, that mediate strong in-
teractions; Four gauge bosons, of which three are massive (W* and Z) and one is
massless (7), corresponding to the three generators of SU(2), and one generator of
U(1)y, responsible for electroweak interactions.

As in all gauge theories, the symmetry group of the SM fixes the interactions, i.e.
the number and properties of the vector gauge bosons, with only three independent
unknown parameters, the three coupling constants of the SU(3)¢ SU(2), and U(1)y
groups, all of which must be determined from experiments. On the other hand, the
number and properties of scalar bosons and fermions are left unconstrained, except
for the fact that they must transform in a definite way under the symmetry group,
i.e. they must belong to the representations of the symmetry group, and the fermion
representations must lead to the cancellation of quantum anomalies.

A puzzling feature of Nature is the existence of three generations of fermions with
identical properties, except for different masses.

The known elementary fermions are divided in two categories, quarks and leptons,

according to the scheme:

and



They are distinguished by the fact that quarks participate in all the interactions,
whereas leptons participate in all the interactions except strong interactions.

The fermion sector of the SM depends on 13 independent parameters: six quark
masses, three charged lepton masses (neutrinos are assumed to be massless in the
SM), three quark mixing angles and one phase. The values of all these parameters
must be determined from experimental measurements.

The SM is phenomenologically very successfully and so far has been able to de-
scribe all the known phenomena, except for the indications in favor of neutrino oscil-
lations that I will discuss in the following sections. In particular, the SM interactions
of neutrinos have been verified experimentally with high accuracy and are universally

used for the analysis of the data of neutrino experiments.

1.3. NEUTRINO INDUCED REACTIONS

Neutrinos, besides electrons, provide an opportunity to probe the internal struc-
ture of composite particle such as proton or neutrons. And neutrino-nucleon scat-
tering also offer one of the most precise tests of the electroweak theory within the
non-Abelian gauge group, SU(2), x U(1)y.

There are two types of neutrino interactions through weak nuclear force: charged-
current (CC) and neutral current (NC) weak interactions. In the CC interaction,
an incident neutrino interacts with a target nucleon, exchange a W charged boson
between the neutrino and a quark in the target nucleon. A charged lepton is emitted,
conserving the flavor, and hadronic jets are produced. In the NC interaction, the
incident neutrino will exchange a neutral Z boson with the quark.

In neutrino oscillation experiments or in the measurement of its cross section,

the emerging lepton in a CC interaction is useful for ascertaining neutrino flux as



the lepton can label each neutrino interaction type because it is charged (thus easily
detected). NC interactions are studied primarily to determine the properties of the
neutral current force or for the sterile neutrino search. Constraining the NC type
interaction is important since it is the main background to the CC type events.
Typically neutrino interactions are divided into three different kinematic regions
depending on its hadronic final states: quasi-elastic (QEL), single pion or resonance
(RES) and deep inelastic scattering (DIS). QEL interactions dominate at low energy

(less than a few GeV) region. In the case of the muon neutrino, it can be written as

Vp+n—p +p (1.4)

RES events refer to an interaction where a short term resonant state of the excited
target nucleon is created then almost immediately decays. Resonance states are
composed of isospin 1/2 N* and 3/2 A excitation states, which generally decay into
a nucleon and a pion, as shown in Table 1.1. DIS events are “high energy” processes
in terms of the momentum transferred from lepton to hadron vertex with respect to
the mass scale of nucleon, |¢|*> >> m? and produces hadronic jets (thus the name
“Inelastic”). On average the energy of the incident neutrino is higher than that of
QEL and RES and thus causes a rupture of target nucleon.

Since the cross section of QEL and RES interaction are not proportionally in-
creasing as a function of the energy of the incident neutrino, these two together are

referred to as non-scaling process, where DIS process is referred to a scaling process.

TABLE 1.1. CC and NC v,-N interaction modes in different energy regime

CC NC
QEL Vy+n—pu +p U +p — Uy +p
vi+tp—p +p+at v+ p—ov,+p+
RES v, +n—p +p+7 v,+p—v,+n+r'
vptn—=pu +n+7t v,+n—v,+n+a°
Vy+n—v,+pt+m
DIS v+ N —pu +X vy +N—= v, +X




1.4. NEUTRINOS OSCILLATION PHYSICS

If neutrinos have masses, there will exist a set of mass eigenstates |v;)(i = 1,2, 3)
[Amsler et al., 2008]. The mass eigenstates diagonalise the free Hamiltonian and
so describe the evolution of neutrinos in time and space. Interactions with matter,
however, are described by the flavor eigenstates, |v,)(a = e, u,7), which couple to
the weak force. The possibility of neutrino mixing means that the flavor and mass
eigenstates need not be identical. In general, the flavor eigenstates can be written as

a linear superposition of the mass eigenstates:

va) = 3 Uil (1)

where U is the unitary lepton mixing matrix, named the PMNS matrix in recognition
of contributions to the physics of mixing and oscillations made by Pontecorvo and
Maki, Nakagawa and Sakata.

In a vacuum, the mass eigenstates each propagate as a free particle, so a state |v;)

with position four-vector x and four-momentum p, evolves as:
|vi(x)) = e~ Pu;) (1.6)

A neutrino produced in a flavor eigenstate |v,) will therefore evolve as:

3

va(x)) = Z e P Uil vs) (1.7)

i=1
Using the unitarity of the PMNS matrix to invert Equation 1.5 then allows the evo-

lution of the flavor eigenstate to be expressed as:

va(x)) = [Z e~ P UniUj;

B %

|vs) (1.8)

Assuming that the mass eigenstate components all have the same energy E, and that

this energy is much greater than the neutrino masses, the momentum of the |v;)



component can be approximated as:

pi=1/FE?—m?~FE—m?/2E (1.9)

Working in natural units and assuming highly relativistic neutrinos (for which ¢t ~ L),
the phase at a distance L from the point of production can then be written as:

m2L

p-X p oF

(1.10)

A more rigorous approach, which avoids the assumption of a common energy for the
mass eigenstates, has been demonstrated to produce this same result. Substituting

for the phase in Equation 1.8 then gives:

Va(x)) = Z [Z €7im?L/2EUaiUEi
5 L

v5) (1.11)

Equation 1.11 demonstrates that, if the neutrino masses are different, the phases of
the mass eigenstates will evolve at different rates. If the PMNS matrix has non-zero
off-diagonal terms, a neutrino produced in one flavor eigenstate will therefore develop
components of other flavor eigenstates and so may be detected as a different flavor.
The probability that a neutrino produced at the origin in flavor eigenstate |v,) is

observed at x in flavor eigenstate |v3) is given by:
P(va = vg) = |{vslva(x)[* (1.12)

Using Equation 1.11, this can be evaluated as:

AmZ L
P(Va — l/lg) = 6aﬁ — 4ZR€<U;Z-U5¢UQJ'UEJ') sin2 ( 45 )

i>j

. [AmZL
+ QZlm(UinganjUgj)sm( 2E] > (1.13)

1>7

where dop is the Kronecker’s delta and Amj; = m; — m7 is the splitting between

the squared masses of the " and j*" mass eigenstates. The transition probability in



Equation 1.13 is periodic with distance from the point of neutrino production. If the
mass eigenstates have different masses, then if the flavor and mass eigenstates are not
aligned, then neutrinos will oscillate between flavors as they propagate.

Assuming that C'PT invariance holds,
P, = Ug) = P(vg — v,) (1.14)
But, from Equation 1.13 we see that
P(vg = va; U) = P(vy — v UY) (1.15)
Thus, when C'PT holds,
P(w, - 15U) =Py, — vz U") (1.16)

That is, the probability for oscillation of an antineutrino is the same as that for
a neutrino, except that the mixing matrix U is replaced by its complex conjugate.
Thus, if U is not real, the neutrino and antineutrino oscillation probabilities can differ
by having opposite values of the last term in Equation 1.13. When C'PT holds, any
difference between these probabilities indicates a violation of C'P invariance.
Neutrino oscillation experiments attempt to measure changes in the flavor com-
position of neutrino sources over long distances. If oscillations occur, the signature
is a flavor composition that differs from the Standard Model prediction and which
displays periodic variations with L/E. The period of the oscillations specifies the

mass splittings, whilst the amplitude of the oscillations specifies the mixing angles.
To interpret the data from neutrino oscillation experiments, it is useful to use a
specific representation of the PMNS matrix. The standard representation is obtained

by expressing U as a product of three rotation matrices based on the mixing angles
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between the mass eigenstates (#12,023 and 613) and a complex phase factor (e?):

1 0 0 C13 0 spze ™ 2 s12 0 elon/? 0 0
v = 0  co3  s23 0 1 0 —s19 cja 0 0 ciea/2
0 —823 (23 —51361’6 0 C13 0 0 1 0 0 1
€12€13 512€13 s13e” "0 elon/? 0 0
= —S12Co3 — C12523513€ 0 Clacaz — S12823513€  Sa3C13 0 e@2/2 0 (}.17)
S12823 — C12C23513€"  —C12523 — S12C23513€™  Ca3c13 0 0 1

Here, ¢;; = cost;; and s;; = sinf;;, where 019, 013, and 6,3 are the three mixing
angles, and 0, oy and ay are the three C'P-violating phases. The phase ¢ is referred
to as a Dirac phase where the phases a; and as are known as Majorana phases.
This matrix is sometimes referred to as the Maki-Nakagawa-Sakata matrix, or as the
Pontecorvo-Maki-Nakagawa-Sakata(PMNS) matrix, in recognition of the pioneering
contributions of these physicists to the physics of mixing and oscillation [Maki et al.,
1962, Pontecorvo, 1968].

An important special case is the case where only two different neutrinos are im-
portant. The two-neutrino approximation is a fairly accurate description of a number
of experiments. Suppose that only two mass eigenstates, which we shall call 1, and
v, and two corresponding flavor states, which we shall call v, and v are significant.
The phase factors can be shown to have no effect on oscillations. The mixing matrix

U takes the simple form

cosf sind
U= (1.18)
—sinf cosf
For 8 # a, the neutrino oscillation probability is

L
P(vy — vp) = sin® 20 sinz(AmQE) (1.19)

Am? = m? — m3. In addition, the probability that the neutrino does not change

flavor is, as usual, unity minus the probability that it does change flavor.
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If neutrinos pass through enough matter between their source and a target de-
tector, then their coherent forward scattering from particles in the matter can sig-
nificantly modify their oscillation pattern. Flavor change in matter that grows out
of an interplay between flavor-nonchanging neutrino-matter interactions and neu-
trino mass and mixing is known as the Mikheyev-Smirnov-Wolfenstein(MSW) effect
[Wolfenstein, 1978, Mikheev and Smirnov, 1985, 1986].

Matter is composed of nucleons (or quarks) and electrons. The contribution of
nucleons (or quarks) to the forward scattering amplitude is described by the neutral
current (Z° exchange); it is identical for all neutrino flavors thus it has no effect on the
neutrino oscillations. For electrons the situation is different; the electron neutrinos
interact with electrons via both the neutral current and the charged-current (W7
exchange). All other neutrino flavors interact only via the neutral current, so their
interaction is different in magnitude than that of the electron neutrinos. Coherent
forward scattering by electrons via W exchange gives rise to an extra interaction
potential energy V possessed by electron neutrinos in matter. From the Standard
Model, we find that

V = +vV2GrNg (1.20)

where G is the Fermi coupling constant and N, is the number of electrons per unit
volume. This interaction potential energy changes sign if we replace the v, in the
beam by 7,.. This potential gives rise to an effective mixing and mass matrix. The
MSW effect has a significant impact on the oscillations of solar neutrinos. Electron
neutrinos produced in the core of the sun leave it’s surface as almost pure mass
eigenstate 5. This is an effect of neutrino adiabatic propagation through the high
electron density in the sun. Also there will be an asymmetry between antineutrino
oscillation and neutrino oscillation that is induced by matter effects. This asymmetry
has nothing to do with genuine C'P violation, and will have to be disentangled from
the antineutrino-neutrino asymmetry that does come from genuine C'P violation in

order for us to be able to study the latter phenomenon. This antineutrino-neutrino

12



asymmetry coming from matter effects can be utilized to understand the neutrino

mass hierarchy.

mV. V; I V, I
[Am
mV. v, I
] V‘c N% a
g Ang,
A,
v,
[ Am?
V, I V; I
Normal Hierarchy Inverted Hierarchy

Fi1GURE 1.1. The Two possible mass hierarchies for the three known
neutrino flavors.

Figure 1.1 shows graphically what we have learned so far about the neutrino
masses from neutrino oscillation experiments. The overall mass scale is still unknown,
but the lightest neutrino is constrained by tritium beta decay measurements to be
less than about 2.2eV. The solar neutrino experiment and the KamLAND reactor
experiment measure the squared mass difference between the 1 and 2 mass eigenstates
to be (7.0 — 9.1) x 107°eV?2  The atmospheric neutrino measurements and long
baseline experiments constrain the squared mass difference between the 2 and 3 mass
eigenstates to be (1.9 — 2.98) x 1073 eV?2. Both are 30 ranges. It is not determined,
however, whether the mass of 5 is larger or smaller than 1, and v, masses. These two

scenarios are referred to as the normal hierarchy and inverted hierarchy respectively.

1.5. NEUTRINO OSCILLATION EXPERIMENTS

Neutrino oscillation experiments are divided into:

(1) Appearance experiments. These experiments measure transitions be-
tween different neutrino flavors. If the final flavor to be searched for in
the detector is not present in the initial beam, the background can be very
small. In this case, an experiment can be sensitive to rather small values of

the mixing angle.
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(2) Disappearance experiments. These experiments measure the survival
probability of a neutrino flavor by counting the number of interactions in the
detector and comparing it with the expected one. Since, even in the absence
of oscillations, the number of detected events has statistical fluctuations, it
is very difficult to reveal a small disappearance. Therefore, in this type of

experiment, it is hard to measure small values of the mixing angle.

In the simplest case of two-neutrino mixing, an important characteristic of neu-

trino oscillations is that the transitions to different flavors cannot be measured if

Am?L
1 1.21
< (1.21)
On the other hand, for
Am?L
1 1.22
g (1.22)

only the average transition probability is observable, yielding information only on
sin?(26).

Since the value of Am? is fixed by nature, different experiments can be designed
in order to be sensitive to different values of Am?, by choosing appropriate values of
the ratio L/E. The so-called sensitivity to Am? of an experiment is the value of Am?

for which
Am?2L
2F

~1 (1.23)

Different types of neutrino oscillation experiments are traditionally classified depend-
ing on the average value of the ratio of L/E for an experiment, which determines its

sensitivity to Am?.

1.5.1. Solar Neutrino Experiments — 12 Sector. Solar neutrinos have been
providing a rather unique channel for physicists to precisely measure the mixing angle
012 and the squared mass difference Am%z between 15 and v;. There are two types
of experiment that have probed this sector: solar neutrino measurements and long

baseline anti-neutrino experiments.
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The solar neutrino spectrum is essentially a sum of standard beta decay spectra
from p+p — Detv,, 8B — 2a+et +v,, BN =13 C+et +v, and PO =1 N+et +u,
and “lines” from the electron capture process e+’ Be — v+ Li and p+e+p — D+,
assuming that about 98% of solar energy is created through thermonuclear reaction
of the pp chain and the remaining 2% by the CNO cycle. The relative contributions
from those various channels depend on the chemical composition of the sun and its
temperature and density variation, a model can be constructed to predict the neutrino
fluxes.

For more than twenty years, the Homestake Solar Neutrino Experiment in the
Homestake Gold Mine in South Dakota has been attempting to measure neutrino
fluxes from space; in particular, this experiment has been gathering information on
solar neutrino fluxes. The results of this experiment have been checked against pre-
dictions made by standard solar models and it has been discovered that only one-third
of the expected solar neutrino flux has been detected [Cleveland et al., 1998]. This
discrepancy is known as the “Solar Neutrino Problem”. Several other experiments, in-
cluding Kamiokande II [Hirata et al., 1989], Super-Kamiokande [Hosaka et al., 2006],
GALLEX [Anselmann et al., 1992], SAGE [Abdurashitov et al., 1994], and GNO
[Altmann et al., 2005], have noticed a definite neutrino shortfall. The measurements
of solar neutrinos culminated in the Sudbury Neutrino Observatory (SNO) which
used the deuterium in heavy water as a target for solar neutrinos. This enabled a
measurement of both the electron neutrino flux through charged-current interactions
and the flux of all active neutrino flavors through Neutral Current interactions. Fig-
ure 1.2 summarizes the set of measurements from SNO [Aharmim et al., 2005]. It
plots the measured flux of electron neutrinos against the measured flux of muon and
tau neutrinos. SNO finds that

P(ve)

S0 o) = 0340 £0023 (stat) "oy (syst). (1.24)
e 10,7
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The conclusion is that the electron flavor are oscillating into muon or tau neutrinos.
The SNO measurement directly demonstrated neutrino oscillations in solar neutrinos.
The results of the SNO experiment put the “Solar Neutrino Problem” to rest and,
along with the KamLAND reactor neutrino experiment, enable precision measure-

ment of the 12 Sector parameters.

----- Pon 68% C.L.
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F1GURE 1.2. The SNO results expressed as a measurement of the flux
(7 neutrinos versus the flux of .. The SNO measurements of CC, NC
and ES neutrino interactions and the SK measurement of ES neutrino
interactions are indicated by the filled bands, while the flux predicted
by the SSM is indicated by the dotted lines. The +10 uncertainties are
represented by the intercepts on the axes [Aharmim et al., 2005].

Neutrinos are also created in the nuclear power plant through the nuclear fission
process. Neutrinos created in the reactors has narrow energy spectrum and are rather
“clean” in the sense that the contamination from other neutrino flavors is extremely
small compare to that from other sources such as solar and atmospheric neutrinos.
As I mentioned in Section 1.1, the discovery of the neutrino was made by a reactor
experiment.

Fission reactors produce neutrinos at a rate of about 10%° 7, per second per
nuclear core. Most neutrinos were created in the fission process of U and 2*U.

Contributions from 23 Pu and ?*! PU increase as a typical nuclear cycle goes on.
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FiGURE 1.3. The Confidence limits for the oscillation parameters
Am?, and 015 obtained from and analysis of results from the second
phase of the SNO experiment. The best fit point is indicated by a star
[Aharmim et al., 2005].

The KamLAND experiment is a reactor neutrino experiment which use a 1 kiloton
liquid scintillator detector located in the Kamioka mine in central Japan. Most of the
v, flux incident at KamLAND comes from nuclear plants at distance of 80-350 km
from the detector, making average baseline of about 180 km. By measuring reactor

U,’s, this experiment provided a sensitive probe of the solar neutrino oscillations. The

survival probability of electron neutrinos is
PV, — 7,) =~ 1 — sin® 20,5 sin*(1.27Am3, L/ E) (1.25)

The KamLAND collaboration has for the first time measured the disappearance of
neutrino traveling to a detector from a power reactor. They observe a strong evidence
for the disappearance of neutrinos during their flight over such distances, giving the
first terrestrial confirmation of the solar neutrino anomaly and also establishing the
oscillation hypothesis with man-produced neutrinos. Figure 1.5 shows the combined
result of the KamLAND measurement and the solar neutrino experiments [Araki

et al., 2005]. The combined analysis gives the 1o range [Aharmim et al., 2005]:

Am?2,, =803 x107° eV?  O,0r = 33.977C degrees (1.26)

solar
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FIGURE 1.5. (a) Neutrino oscillation parameter allowed region from
KamLAND antineutrino data (shaded regions) and solar neutrino ex-
periment (lines). (b) Result of a combined two-neutrino oscillation
analysis of KamLAND and the observed solar neutrino fluxes under
the assumption of CPT invariance [Araki et al., 2005].

1.5.2. Atmospheric Neutrino Experiments — 23 Sector. The 23 Sector of
neutrino mixing matrix comprises the angle 653 and the squared mass difference Am2,
between v3 and 5. There are two types of experiments that are sensitive to those

oscillation parameters: experiments measuring the neutrinos produced when cosmic
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rays hit the atmosphere and experiments located several hundred kilometers from an
accelerator source of muon neutrinos.

Atmospheric neutrinos are produced in the collision of primary cosmic ray (typi-
cally protons) with nuclei in the upper atmosphere. This creates a shower of hadrons,
mostly pions. The pions decay to a muon and a muon neutrino. The muons decay to
an electron, another muon neutrino (actually anti muon neutrino), and an electron
neutrino. Based on this simple kinematic chain, one predicts a flux ratio of 2:1 muon
neutrinos to electron neutrinos.

In 1985, two experiments in deep mines, one in the United States called IMB and
one in Japan called Kamiokande, observed a deficit in the number of muon neutrinos
created in the atmosphere with respect to the number of electron neutrinos. This
deficit became known as the “Atmospheric Neutrino Anomaly”. Since then, several
experiments measured the ratio of muon-like neutrino events to electron-like neutrino
events, divided by their respective Monte Carlo simulation value

R = (Vu/Ve)MC’ (1.27)

Their results are summarized in Figure 1.6. The Kamiokande, IMB and Super-
Kamiokande experiments are based on the water Cerenkov technique, while FRE-
JUS, NUSEX and SOUDAN are ionisation-based tracking detectors. The ratios are
consistently below 1 except for FREJUS and NUSEX which had large error bars.
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F1GURE 1.6. The atmospheric neutrino anomaly: The ratio of muon-
like neutrino events to electron-like neutrino events, divided by their
respective Monte Carlo simulation value [Mann, 1999].
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In 1996, Super-Kamiokande (Super-K) was completed and began taking data.
Super-K is a 50 kiloton ring-imaging water Cerenkov detector located at a depth of
2700 meters water equivalent in the Kamioka Mozumi mine in Japan. It supersedes its
predecessors (IMB and Kamiokande) both in size and resolution and began detecting
atmospheric neutrinos at much higher rates. In 1998, after analyzing more than
500 days of data, the experimentalists at Super-K announced that the atmospheric
neutrino anomaly was not a statistical aberration and is consistent with two-flavor

neutrino oscillations in 23 Sector [Fukuda et al., 1994]:

~ .2 .2 2
P(v, = v,) = 1 —sin” 2053 sin”(1.27Am3,L/ E,) (1.28)
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zenith angle [Howcroft] gle distributions of u-like and e-like events for
sub-GeV and multi-GeV data sets. [Schol-
berg, 1999

FiGURE 1.7. SuperK atmospheric neutrino oscillation results.

Super-K measured the zenith angle distributions of u-like and e-like events. Fig-
ure 1.7(a) shows the relation between zenith angle and the distance traveled by at-
mospheric neutrinos. Figure 1.7(b) shows the zenith angle distribution of p-like and
e-like events for sub-GeV and multi-GeV data sets. Upward-going particles have

cos © < 0 and downward-going particles have cos © > 0. The conclusion is that the
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deficit in muon neutrinos is mostly due to the upward traveling ones. Oscillations
easily explain this: the muon neutrinos raining down on the mine do not have suffi-
cient time to oscillate while those traveling through the Earth do. Detailed Super-K
atmospheric neutrino data are very well described by the hypothesis that the oscil-
lation is purely v, — v,, and that is a quasi-two neutrino oscillation with a splitting

Am?

atm

and a mixing angle 0y, that, at 90% CL, are in the ranges [Ashie et al., 2005]

sin? 20,4, > 0.92 and 1.5 x 1072 < Am?2, < 3.4 x 1073 eV?

atm

In the three-flavor neutrino mixing, 0,4, ~ 623 and Am?, == |AmZ,|. For 63 there is
an ambiguity corresponding to a3 <> /2 — fa3. Matter effects in future long-baseline
experiments will resolve this. The often used parameter sin?(263) is blind to the

ambiguity.

O
814

Data/Prediction (null

1 10 102 10° 10
L/E (km/GeV)

FiGURE 1.8. Ratio of the data to the MC events without neutrino
oscillation (points) as a function of the reconstructed L/E together with
the best-fit expectation for 2-flavor v, — v, oscillations (solid line).
Also shown are the best-fit expectation for neutrino decay (dashed line)
and neutrino decoherence (dotted line) [Ashie et al., 2004].

In 2004, the Super-K collaboration presented a new analysis of their data where
they used a selected sample of events with good resolution in L/E [Ashie et al.,

2004]. A dip in the L/FE distribution was observed around L/E = 500km/GeV, as
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shown in Figure 1.8. This provided the first direct evidence that the neutrino survival
probability obeys the sinusoidal function as predicted by neutrino flavor oscillations.

The 90% CL allowed parameter region was obtained as

sin? 20,m > 0.90 and 1.9 x 1073 < Am?2, < 3.0 x 1073 eV?

atm

This result is consistent with that of the oscillation analysis using zenith angle dis-
tributions.

The oscillation interpretation of the atmospheric neutrino data has received sup-
port from the KEK and Kamioka (K2K) long-baseline experiment. This experiment
produces a beam of muon neutrinos with mean energy ~ 1.3 GeV at KEK accelerator
laboratory. These neutrinos are aimed at the Super-K detector in Kamioka, 250 km
away. The K2K experiment reported that after achieving 8.9 x 10! proton-on-target
(about four and a half years) the expected number of events occurring in the fiducial
volume of Super-K detector is 151172 (syst.). However, only 107 events were observed
[Aliu et al., 2005]. In addition, the spectrum of v, events observed in Super-K de-

tector was distorted relative to the no-oscillation spectrum. The anomalously small

number of events and spectral distortion seen by K2K experiment are consistent with

2

2um and Oy, compatible

a neutrino oscillation interpretation, with parameters Am
with those that fit the atmospheric neutrino data.

MINOS is a long baseline neutrino experiment launched in 1995 to study the
v, — v, oscillation. It mainly aims to improve the measurements of Am3, performed
by SuperK and K2K experiments. It uses a beam of neutrino particles produced
by the NuMI beamline facility at Fermilab. The neutrino beam is directed towards
Soudan Mine at Minnesota, a distance of 735km away. The value of the oscillation

parameters are |Am32,;| = (2.43 £ 0.13) x 1073 eV? and sin?(2653) > 0.95 at the 68%
C.L. [Adamson et al., 2008b], as shown in Figure 1.10.

1.5.3. The 13 Sector. The 13 Sector comprises the mixing angle #;3 and the

phase 0 which, if different from 0 or 7, would induce C'P violation into the scheme
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FIGURE 1.9. The reconstructed energy spectrum of v, CC events mea-
sured by K2K. The data is represented by the points, the zero oscillation
spectrum by the dotted line, and the best fit oscillations by the solid
line [Aliu et al., 2005].
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FIGURE 1.10. MINOS allowed region for v, — v, oscillation [Adamson
et al., 2008b].

of neutrino oscillations. Note the squared mass difference Am2; between v3 and v
is not an independent parameter and Am32, = m3 — m? = Am3, + Am3, ~ Am?,

since |[Am3,| < |AmZ,|. Another issue that is often discussed in the context of the 13
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Sector is the mass hierarchy which is the question of whether the masses are ordered
with the almost degenerate double 1, and v, higher or lower than the 13 mass. This
is so far the least understood Sector. There are no constraints of any significance on
0 and the mass hierarchy is unknown.

If we measure the disappearance of reactor anti-neutrinos at a baseline L of ~ 1km
one can match the L/E to Am2, and be sensitive to the parameters of the 13 Sector.

The expression for the electron anti-neutrino survival probability is then

PV, — 7,) =~ 1 — sin® 20,3 sin*(1.27Am3,L/E,) (1.29)

The best reactor experiment measurement to date is the CHOOZ experiment that
operated in France in the 1990’s. The CHOOZ experiment detected electron anti-
neutrino with a liquid scintillation calorimeter located 1.05km from the reactor core.
They found no evidence for neutrino oscillations in the 7, disappearance mode. If
Am? takes the current MINOS best fit point 2.4 x 1073 eV?, the constraint on 63
from CHOOZ is sin?#;3 < 0.15 at 90% CL. Another measurement of the 13 Sector
is the Palo Verde experiment operated in Arizona, USA [Boehm et al., 2001]. This
experiment measured the anti-neutrino flux and spectrum at a distance of about
800m from the three reactors of the Palo Verde Nuclear Generating Station using
a segmented gadolinium-loaded scintillation detector. They excluded at 90% CL
v, — U, oscillations. They posed a constraint on the parameter ;3. Figure 1.11
shows the 90% CL exclusion region for the CHOOZ experiment and the Palo Verde
experiment.

It has been reported that the solar and KamLAND data provide a non-trivial
constraint on 63 especially for lower value of Am?, [Maltoni et al., 2003, 2004,

Goswami and Smirnov, 2005]. Figure 1.12 shows the current constraints on the 13

Sector mixing parameters from global data. The CHOOZ bound on sin®#5 gets

2

~wm decreases. Such loosening in sensitivity is presented to

quickly weak when Am
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FIGURE 1.11. The 90% CL exclusion regions for the CHOOZ experi-
ment and the Palo Verde experiment [Boehm et al., 2001].

some extent by solar neutrino and KamLAND data. The constraint on #;5 from

global data is sin® 26,3 < 0.11 [Schwetz, 2008].
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FIGURE 1.12. Current state of knowledge of the 13 Sector [Schwetz, 2008].
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A new generation of reactor experiments is being constructed in the hope of im-
proving on the CHOOZ measurement and further constraining the value of 6,3, either
limiting it to be even closer to zero or measuring a non-zero value for it. These new
experiments hope to be sensitive to a value of sin?26;3 as small as 0.01. To do this
they are making several upgrades to the CHOOZ approach. Most importantly they
are using multiple detectors to cancel systematics. These detectors will be larger, be
located at very high flux reactors, and be exposed to the beam for longer. They will
be underground to reduce the effect of cosmic ray muon and be thoroughly calibrated.
The main contenders in this next round are Double CHOOZ [Ardellier et al., 2006],
located at the same place as the original CHOOZ experiment, the Daya Bay exper-
iment located in China [Guo et al., 2007], the Angra experiment located in Brazil
[Anjos et al., 2006], and the RENO experiment located in South Korea [Joo, 2007].

Accelerator based neutrino experiments are important approaches to probe the 13
Sector by looking for the sub-dominant v, — v, oscillation at values of L/E matched
to Am32,. If we ignore the matter effect, solar terms, and C'P violation phase, the

oscillation probability is
P(v, — v.) = sin® fy3 sin® 20,3 sin*(1.27Am3, L/E,) (1.30)

Unlike the 7, survival probability in Equation 1.25, the v, appearance probability in
Equation 1.30 depends not only on the parameter 63, but also the parameter 63.
Thus measuring 63 by searching for v, — v, appearance relies on a good understand-
ing of mixing angle fs3. The MINOS experiment is designed to probe 23 Sector by
measuring the disappearance of v, events. MINOS also improves the current best
limit on the neutrino mixing angle #,3 by searching for an electron neutrino appear-
ance signal in the Far Detector from the v, neutrino beam. MINOS recently released
the latest measurement of 613 based on 7 x 10% protons on target (POT). Total 54
events are observed in the Far Detector, which is 0.7¢ higher than the expected back-

ground of 49.14+7.0(stat.)+2.7(syst.). Interpreted as an upper limit on the probability
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of v, — v, oscillations,

hierarchy in the neutrino sector.
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FIGURE 1.13. Values of 2sin?(26;3)sin?fy3 and dcp that consistent
with the MINOS observation for the normal hierarchy (top) and in-
verted hierarchy (bottom). Black lines show those values that best
represent the data. Red (blue) regions show the 90% (68%) C.L. in-
tervals. The CHOOZ limit is draw for Am3, = 2.43 x 1073eV?, and
sin?(20y3) = 1.0 [Adamson et al.]

the MINOS data require 2sin?(26;3) sin? fp3 < 0.12(0.20) at
the 90% C.L. at d¢p = 0 for normal (inverted) hierarchy as in Figure 1.13.

A second generation of long baseline accelerator neutrino oscillation experiment
has been proposed. They hope to extend the sensitivity for v, appearance roughly
a factor of 10-20 beyond the CHOOZ limit.

baseline increase the potential to search for C'P-violating phase § and resolve mass
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beam. By placing the detector slightly off the neutrino beam axis (e.g. 15 mrad), the
detector will see a narrow band beam peaking at low energy (e.g. 2GeV). Because
the backgrounds (intrinsic v, and neutral current events) in the v, appearance search
are much broader in energy than the signal, a narrow beam will allow a much better
signal to background ratio than for the MINOS measurement. Other highlights of
these experiments include improved beam intensity, large detectors optimized for v,
detection, and using two detectors to cancel systematics. There are two long baseline
experiments under construction that will probe the 13 Sector, first by searching for
a non-zero 613 and if one is found then determine the mass hierarchy and searching
for C'P violation. The two experiments are NOvA [Ayres et al., 2004] and T2K
[Itow et al., 2001]. NOvA will use the same beam line currently used by MINOS,
with a new detector being built 810 km away in northern Minnesota. T2K use the
existing Super-K detector and the beam are sent from the JPARC accelerator lab

about 250 km away.

1.5.4. The LSND Result and MiniBoolNE. The Liquid Scintillator Neutrino
Detector (LSND) experiment [Aguilar et al., 2001] operated at Los Alamos National
Lab in the 1990’s and produced evidence for 7,, — 7, oscillations at the Am? ~ 1eV?
scale. This Am? scale is incompatible with those of the solar and atmospheric oscilla-
tions, and so requires there be more than 3 neutrinos if all three are to be interpreted
as evidence of neutrino oscillation. The Mini-Booster Neutrino Experiment (Mini-
BooNE) was built to test the oscillation interpretation of the LSND result. The
detector is located 540 m from the target and comprises a spherical tank filled with
800 tons of pure mineral oil (CHy). This experiment can distinguish electrons from
other particles (in particular 7%’s) and so test for v, — v, oscillations. In April
2007 the experiment released its first result [Aguilar-Arevalo et al., 2007]. The ex-
periment found no evidence of neutrino oscillations in its analysis region above a
neutrino energy of 475 MeV, though there was a excess of events found below this

energy and this is currently under investigation. The exclusion plot that summarizes
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FIGURE 1.14. The region of oscillation parameter space excluded at
90% CL by the MiniBooNE result. Also shown are the regions allowed
by the LSND result at 90% CL and 95% CL, and the 90% exclusion
contours of the KARMEN2 [Armbruster et al., 2002] and Bugey [Declais
et al., 1995] experiments [Aguilar et al., 2001].

results from this measurement is shown in Figure 1.14. The MiniBooNE and LSND
results are only compatible at the 2% level if both are interpreted in the framework of
two-flavor neutrino oscillations. MiniBooNE is currently taking data in anti-neutrino
mode (where the horn focuses negative particles) and intends to make a measurement

of U, appearance to more fully check the LSND result.

1.6. DIRAC AND MAJORANA NEUTRINOS

Unlike quarks and charged leptons, neutrinos may be their own antiparticles.
Whether they are depends on the nature of the physics that gives them mass[Amsler
et al., 2008].

In order to incorporate the neutrino mass in the Standard Model (SM), it is
straightforward to extend the SM to accommodate these masses in the same way

that this model accommodates quark and charged lepton masses. When a neutrino v
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is assumed to be massless, the SM does not contain the chirally right-handed neutrino
field vg, but only the left-handed field v;, that couples to the W and Z bosons. To
accommodate the v mass in the same manner as quark masses are accommodated,

we add vg to the model. Then we may construct the “Dirac mass term”

ED = —mDﬁLVR + h.c. (131)

in which mp is a constant. This term, which mimics the mass terms of quarks
and charged leptons, conserves the lepton number L that distinguishes neutrinos and
negatively-charged leptons on the one hand from antineutrinos and positively-charged
leptons on the other. Since everything else in the SM also conserves L, we then have
an L-conserving world. In such a world, each neutrino mass eigenstate v; differs from
its antiparticle 7;, the difference being that L(7;) = —L(v;). When 7; # v;, we refer
to the v; — 7; complex as a “Dirac neutrino”.

Once v has been added to our description of neutrinos, a “Majorana mass term”,

EM = —mR%VR + h.c. (132)

can be constructed out of vr and its charge conjugate, v%. In this term, mp is another
constant. Since both vz and v§ absorb v and create 7, £ mixes v and 7. Thus, a
Majorana mass term does not conserve L. The v — 7 mixing induced by a Majorana
mass term causes the neutrino mass eigenstates to be self-conjugate: 7; = v;. This is,
for a given helicity h, 7;(h) = v;(h). We then refer to v; as a “Majorana neutrino”.
Suppose the right-handed neutrinos required by Dirac mass terms have been added
to the SM. If we insist that this extended SM conserve L, then, of course, Majorana
mass terms are forbidden. However, if we do not impose L conservation, but require
only the general principles of gauge invariance and renormalizability, then Majorana
mass terms are expected to be present. As a result, L is violated, and neutrinos are

Majorana particles.
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In the see-saw mechanism, which is the most popular explanation of why neutrinos
— although massive — are nevertheless so light, both Dirac and Majorana mass are
present. Hence, the neutrinos are Majorana particles. However, while half of them
are the familiar light neutrinos, the other half are extremely heavy Majorana particles
referred to as the NV;, with masses possibly as large as the GUT scale. The N; may
have played a crucial role in the baryogenesis in the early universe.

However experimentally proving that neutrinos are indeed Dirac or Majorana
particles is a difficult task. Currently only neutrinoless double beta decay experiments
have handles to confirm whether neutrinos are Majorana or not. In several nuclei with
an even number of neutrons and an even number of protons the extra binding energy
produced by the pairing leaves ordinary [ decay energetically forbidden. In such
nuclei double beta decay, where two electrons are emitted, is left as the only viable
decay mode. Two neutrino double 8 (2v5f3) decay has by now been observed in a
number of nuclei, but neutrinoless double § (0v53) decay has yet to be convincingly
seen. If observed, Ovf3(5 decay would imply that neutrinos are Majorana particles. It
is expected that the process will be dominated by the diagram shown in Figure 1.15.
In this diagram, one or another of the neutrino mass eigenstates v; is exchanged
between two virtual W bosons to create the outgoing electrons. The Ovg3 amplitude
is then a coherent sum over the contributions of the different ;. The rate for the

process is given by

FOV = GOV|M0V|2m%B
2
mgs = |>_ mUZ| (1.33)
i
where (G, is a readily calculable phase space factor and M,, is the, not so readily
calculable, matrix element for the process. U,; and m; are the mixing matrix elements

and neutrino masses and v, = ). U,r;. The signature for the OvffS process is a

peak in the measured energy of the pair of electrons at the @ value, where Q is
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generally defined as (initial energy) - (mass of all particles in the final state except

the neutrinos).

(A,Z) ﬁ:{ Nuclear Process I;‘:: (A Z+2)

FiGURE 1.15. Neutrinoless double 5 decay.

1.7. DIRECT MEASUREMENTS OF NEUTRINO MASS

In 1930, Pauli mentioned the neutrino mass “should be of the same order of
magnitude as the electron mass and in any event not larger than 0.01 proton masses”.
In 1933 Fermi and Perrin studied the effect of the neutrino mass in $-decays and
concluded that the existing data are compatible with a massless neutrino. Further
experiments showed that neutrinos could be massless and, in any case, the neutrino
mass is much smaller than the electron mass. It was widely thought that neutrinos
are massless, which led to the SM description of neutrinos are massless particles.

The results of neutrino oscillation experiments have recently proved that neutrinos
are massive. Since these experiments give only information on the neutrino squared-
mass differences, we currently know that there are at least two massive neutrinos, one
with a mass larger than about \/ng ~ 9x 1073 eV and another with a mass larger
than about \/ng ~ 5 x 1072 eV. Further information about the absolute values of
neutrino masses must be investigated with other methods.

Take any known process involving neutrinos in the final state and calculate the
rate as a function of neutrino mass. Try to see whether the observed rate differs

significantly from the calculated rate with m, = 0. Some examples follow.

Nuclear (§-decay: One can look at the beta spectrum in (Z, A) — (Z+1, A)+

e~ +7, (Kurie plot) or corresponding positron decay. The shape of the curve
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can be calculated assuming m,, = 0. If, however the mass is not zero, the
observed count will fall short of the calculated one as the electron energy
approaches the total decay energy Ey = M; — My, where M; and M; are the
masses of the initial atom and the final ion. The fraction of decays when the
electron energy is close to Ey becomes rapidly smaller for beta decays with
higher () values. It is therefor, imperative to select a candidate with low Q).
The lowest known @ value (18.6keV) for this process occurs for 3H 3-decay.

Pion decay: One can look for the muon energy in 7 — v*v, (or its charge
conjugate decay). Obviously this energy depends on the v, mass.

Tau decay: There are various decay modes of the tau. One can use the kine-

matics of the final state to find the mass of the v,.

Direct Kinematic tests [Kraus et al., 2004, Assamagan et al., 1996, Roney, 2001]

have yielded the results

m,, < 22eV (95% CL,from *H —° He + e~ +7,),
my, < 170keV  (90% CL,from 7% — u* +v,),

m,. < 15.5MeV (95% CL,from 7 — 57 + v;).

Strictly speaking, these experiments do not measure m,,, m,,, or m,, , which are
not the neutrino mass eigenstates. Instead they measure some average values of

my = m(vy), ma, and ms.

1.8. SUMMARY

Table 1.2 summarizes the current state of knowledge of the neutrino parameters.

Ignoring the phases and assuming 6,3 = 0, the “best-fit PMNS matrix” reads:

083 056 0
Ubtins = | =039 059 0.71 (1.34)

039 —0.39 0.71
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TABLE 1.2. The current state of knowledge of the neutrino parameters

Parameter Best-fit value Range
Am2, 8.07°eV? (7.7—8.4) x 107 °eV? (£10)
|Am3, | 243 x 1073 eV? (2.30 — 2.56) x 1073 eV? (+10)
012 33.9° 32.3° — 35.5° (£10)
613 unknown 0° —11.4° (90% C.L.)
Ba3 45° 36.8° — 53.2° (90% C.L.)
dcp unknown
Miightest unknown 0—2.2eV (95% C.L.)
Hierarchy unknown
Dirac or Majorana unknown
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CHAPTER 2

THE MINOS EXPERIMENT

The Main Injector Neutrino Oscillation Search (MINOS) is a long-baseline neu-
trino oscillation experiment that performs precision measurements of the neutrino
oscillation parameters in the “atmospheric neutrino” sector. The neutrinos are gen-
erated by the Main Injector (NuMI) facility at the Fermi National Accelerator Lab-
oratory (Fermilab). The MINOS Near Detector is located on-site at Fermilab, 1km
away from the beam source, while the MINOS Far Detector is located at 735km
downstream of Soudan Underground Laboratory in northern Minnesota. The two
detectors are magnetized steel-scintillator tracking calorimeters. Comparison of the
neutrino energy spectra and flavor composition of the beam at the two detectors
will allow measurement of neutrino oscillation parameters. This chapter describes
the NuMI beam line and the details of the MINOS detectors. This is followed by a

review of the detector calibration and event reconstruction chain.

2.1. THE FERMILAB ACCELERATOR

The NuMI neutrino beam is created at Fermilab using 120 GeV protons from the
Main Injector. Figure 2.1 shows the schematic drawing of the Fermilab accelerators.
First, inside of the Cockcroft-Walton accelerator, hydrogen gas is ionized to create
a negative ion, H~ particle with an energy of 750keV. These particles will travel
through the Linac, the LINear ACcelerator. The Booster takes 400 MeV H~™ ions
(where electrons will be taken off) from the Linac. After 20000 cycles in the Booster,
the remaining proton will reach 8 GeV, and will enter (by a magnet kicker displace-

ment) the Main Injector (MI). MI can accelerate the particles to 120 GeV, and then
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send them to the Pbar target, which yields 8 GeV anti-protons, or to the NuMI target,
which produce neutrinos for the NuMI experiments. Alternatively, it can accelerate
proton to 150 GeV for collider experiments in Tevatron. Presently, for a typical main

injector cycle, injection, acceleration and resetting, takes 2.2s for 11-batch injection.

Main
sachs Injector

Slip-stacked

Tevatron

F1GURE 2.1. The Fermilab accelerators. Those used in generation of
the NuMI beam are LINAC, Booster, and Main Injector [Zwaska].

The main injector circumference is exactly 7 times the booster circumference, so
there is room for 7 booster batches. However, one slot must remain empty to allow
the injection kicker to ramp down. A fast single turn extraction kicker was required
for the NuMI project to spill 120 GeV protons onto a target. The extraction kicker
has to rise in the ~ 1.5 us abort gap of the Main Injector and then extract ~ 1.6 us
of beam (a single batch) for anti-proton production and 8.0 us of beam (5 batches)
to NuMI. This mode is referred to as “mixed mode”. There is a second operational
mode which is referred to as “NuMI only mode”. In this mode, 9.6 us (6 batches) of
beam is extracted to NuMI [Jensen and Krafczyk].

A technique called “slip stacking” is utilized to increase the number of protons
available for both the anti-proton production and the NuMI neutrino production at
Fermilab. This involves stacking two booster batches end to end but with slightly
different momenta, into the Main Injector. The two batches have different periods

of revolution and ‘slip’ relative to each other azimuthally and finally overlap. When
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they overlap they are captured using a single RF which is the average of the initial
frequencies associated with the two batches [Shukla et al.].

Starting 2008, a “multi-batch slip stacking” mode becomes the standard opera-
tional mode. In this mode, five batches are loaded into the MI, and six more batches
are loaded and slipped with the first five to make two batches for the anti-proton
production and nine for NuMI. This mode is referred to as “24+9” mode. The NuMI
beam intensity is greatly improved in this operational mode. A typical beam inten-
sity is 3.1 x 10'3 ppp for the “mixed mode” and 3.7 x 10! ppp for the “NuMI only
mode” with 8 booster turns. The corresponding beam power is 230 kW and 270 kW,

respectively.

2.2. THE NUuMI NEUTRINO BEAM

The Neutrinos at the Main Injector (NuMI) facility at Fermilab began operations
in late 2004. The NuMI neutrino beam generates neutrinos mainly from the decays
of pion and kaon secondary particles produced in the NuMI target, with a small
contribution from muon decay [Adamson et al., 2008a]. Protons of 120 GeV are
extracted from the main injector accelerator in 10 us spill, bent downward by 58 mrad
to point at the Far Detector, and impinged upon the NuMI hadron production target.
The global positioning system (GPS) defined the survey beam direction to within
12m of the Far Detector. A schematic diagram of the NuMI beam line is shown in

Figure 2.2.

2.2.1. Target and horns. The production target is a rectangular graphite rod,
segmented longitudinally into 47 segments. The target dimensions are 6.4mm in
width, 15 mm in height and 940 mm in length (1.9 interaction lengths). The typical
beam-spot r.m.s. at the target is 1.1-1.2mm. A collimating baffle upstream of the
target provides protection for the target, its colling lines, as well as downstream beam

components. The baffle is a 1.5m long graphite rod with an 11 mm diameter inner
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FIGURE 2.2. Plan and elevation views of the NuMI beam facility. A
proton beam is directed onto a target, from which the secondary pi-
ons and kaons are focused into a decay volume via magnetic horns.
Ionization chambers at the end of the beam line measure the uninter-
acted primary beam, secondary hadron beam and tertiary muon beam
[Zwaska et al., 2006].

bore. The target is water cooled via stainless steel lines at the top and bottom of

each fin, as shown in Figure 2.3.

Outpuf Be-window
%4 Aluminum casing
Cooling water pipes ]

Target segmenf

Metal-ceramic adapters

FI1GURE 2.3. Schematic of the NuMI production target, which consists
of 47 graphite segments [Garkusha et al., 2007].

The particles produced in the target are focused by two magnetic parabolic-shape
horns [Abramov et al., 2002|, as shown in Figure 2.4. The absolute value of the
current flowing through the horns was calibrated to within £0.5% and was observed
to vary less than 0.2% over the course of the data collection period. The alignment
of the target and horn system relative to the beam axis was checked using the proton

beam itself [Zwaska et al., 2006]. The relative longitudinal positions of the two horns
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FIGURE 2.4. Hadrons produced in the NuMI target are focused by
a system of two magnetic horns. The horns are separated by 10m
and each consists of an outer cylindrical conductor and inner parabolic
conductor. The vertical scale is 4 times that of the horizontal (beam
axis) scale [Adamson et al., 2008a].

and the target optimizes the momentum focus for pions and kaons and therefore the
typical neutrino energy. To fine-tune the beam energy, the target is mounted on a
rail-drive system with 2.5 m of longitudinal travel, permitting remote change of beam
energy without directly accessing the horns and target. The beam has been designed
so as to adjust the energy spectrum of neutrinos in order to maximize sensitivity
to oscillation parameter Am?. Most of the time the beam line is configured in the
“low energy” mode with (E,) ~ 4GeV. In its furthest downstream location, the
target is cantilevered approximately 65cm into the first parabolic horn. Moving the
target upstream directs smaller-angle, higher-momentum particles into the magnetic
fields of the focusing horns, resulting in a higher-energy neutrino beam, as shown in

Figure 2.5.

2.2.2. Decay pipe and absorber. The focused beam particles enters into a
675m long, 2m diameter steel pipe, evacuated to ~0.5 Torr to reduce meson absorp-
tion and scattering. This length is approximately the decay length of a 10 GeV pion.
The entrance to the decay pipe is sealed by a two-piece aluminum-steel window. The
central (radius < 50 cm) portion of the window is made of 1 mm thick aluminum and
is strengthened by an outer (radius > 50 cm) section made of 1.8 cm thick steel. The

design reduces scattering in the window while maintaining vacuum integrity. The
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FIGURE 2.5. Calculated rate of v, charged-current interactions in the
MINOS Near Detector. Three spectra are shown, corresponding to the
low, medium, and high neutrino energy positions of the target. In these
configurations, the target is located 10, 100, and 250 cm upstream of
its fully-inserted position [Adamson et al., 2008a).

decay volume is surrounded by 2.5-3.5m of concrete shielding. Neutrinos are pro-
duced by decays of the secondaries, e.g. 77 (K*) — ptv,. At the end of the decay
pipe there is a water-cooled absorber with an aluminum core encased in steel to stop
any remaining primaries and undecayed secondaries. Any muons passing through the
absorber are stopped by 240m of dense Dolomite rock before they reach the Near
Detector cavern. lonization chambers are used to monitor the secondary and tertiary
particle beams. One array is located immediately upstream of the absorber, and three
others are located at the muon alcoves, one downstream of the absorber, one after
8 m of rock, and a third after an additional 12m of rock. The first array monitors the
remnant hadrons at the end of the decay pipe, and the other three arrays monitor
the tertiary muon from the 7 and K decays.

The flavor composition of the beam will be predominantly v, (92.9%). Small
contributions of 7,, (5.8%) will come from p* decays and target produced 7~ decays.
A 1.2% v, component of the beam results from p* decays and target-produced K

decays. The contribution from 7, is small (0.1%).
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2.3. THE MINOS DETECTORS

MINOS consists of two neutrino detectors separated by a long baseline. A third
detector, called the calibration detector, was exposed to test beams at CERN to es-
tablish detector response to hadrons, electrons and muons with momenta in the range
0.2-10 GeV/c. The Near Detector at Fermilab is used to characterize the neutrino
beam and its interactions and is located about 1km from the primary proton beam
target, the source of the neutrino parent particles. The Far Detector performs similar
measur