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Abstract

MINOS is a long baseline neutrino oscillation experiment. A manmade beam
of predominantly muon neutrinos is detected both 1 km and 735 km from the pro-
duction point by two functionally identical detectors. A comparison of the energy
spectra measured by the two detectors shows the energy-dependent disappear-
ance of muon neutrinos characteristic of oscillations and allows a measurement of
the parameters governing the oscillations. This thesis presents work leading to
measurements of disappearance in the 6% 7, background in that beam.

A calibration is developed to correct for time-dependent changes in the re-
sponses of both detectors, reducing the corresponding uncertainty on hadronic
energy measurements from 1.8% to 0.4% in the near detector and from 0.8% to
0.4% in the far detector. A method of selecting charged current 7, events is devel-
oped, with purities (efficiencies) of 96.5% (74.4%) at the near detector, and 98.8%
(70.9%) at the far detector in the region below 10 GeV reconstructed antineutrino
energy. A method of using the measured near detector neutrino energy spectrum
to predict that expected at the far detector is discussed, and developed for use in
the 7, analysis. Sources of systematic uncertainty contributing to the oscillation
measurements are discussed.

In the far detector, 32 charged current 7, events are observed below a re-

constructed energy of 30 GeV, compared to an expectation of 47.8 for Am?2,, =

atm
Am?, ., sin?(20,3) = sin®(26,3). This deficit, in such a low-statistics sample, makes
the result difficult to interpret in the context of an oscillation parameter measure-
ment. Possible sources for the discrepancy are discussed, concluding that consid-
erably more data are required for a definitive solution. Running MINOS with a

dedicated 7, beam would be the ideal continuation of this work.
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Chapter 1

Introduction

The neutrino has proved one of the hardest of fundamental particles to pin down.
Despite being one of the most numerous particles in the universe it remained
unknown until the 1930s, even then beginning life only as the most tentative of
ideas: another twenty years had to pass before it would finally be directly observed.
The difficulties in experimental neutrino physics arise primarily from the in-
credible weakness with which the neutrino interacts with any other matter, an
interaction strength governed by the aptly named weak interaction which itself
was a concept born and developed in parallel with the neutrino. Yet despite these
inherent challenges, the branch of particle physics that has grown around this area
has yielded some of the most exciting and surprising results of the 20th century.
Through our investigations into the weak interaction we have been forced to
give up some of our most strongly held beliefs about the underlying symmetries of
the universe, one of the last standing of which will be investigated in this thesis.
But the neutrino itself has commanded more than its fair share of physicists’ at-
tention as, when it was finally observed in detail, it exhibited the unexpected and
exotic behaviour of oscillation between flavour states. This was in direct conflict
with one of the basic assumptions of the standard model: that of flavour conser-

vation; and it furthermore required the neutrino to have a hitherto unexpected



non-zero mass, but a mass so much smaller than any other fermion that some
more fundamental, as yet undiscovered, process is thought to be responsible.

It is to our knowledge of neutrino oscillations that this thesis contributes. It
begins, in chapter 2, with an overview of the history of the neutrino from its in-
ception in the 1930s through to the discovery and investigation of the oscillation
phenomenon. Summarising the mathematical model of oscillations and the ex-
perimental work leading to our knowledge of the parameters involved, neutrino
physics is seen to be moving into a period of precision measurement. The work in
this thesis is based one such precision experiment: the MINOS experiment.

MINOS (the Main Injector Neutrino Oscillation Search), introduced in detail
in chapter 3, is a long-baseline experiment, producing a manmade beam of muon
neutrinos from the NuMI (Neutrinos at the Main Injector) beam at Fermilab, and
letting them propagate over a distance of 735 km. Measuring the neutrino energy
spectrum with a detector near the production point, and another after the full
735 km, allows a precision measurement of the so-called atmospheric oscillation
parameters.

Such high precision requires accurate measurement of neutrino energies, an
important part of which is the measurement of hadronic shower energies. This is
facilitated by a chain of calibrations, one of which is developed for this thesis in
chapter 4: a method of using cosmic muons to track the change in response of the
detectors over time.

The NuMI beam contains a 6% background of muon antineutrinos. The mag-
netised MINOS detectors allow separation of charged current v, and 7, events,
allowing the first direct measurements of the atmospheric regime oscillation pa-
rameters for neutrinos and antineutrinos separately. Any deviation between the
two would be evidence of CP7 violation. Additionally, it is possible to look for 7,
appearance which, if observed, could indicate that the v, disappearance indicative

of oscillations was happening through an exotic v, — 7, channel rather than the



assumed (but not yet directly observed) v, — v, channel. In this thesis these
antineutrino measurements are made.

A necessary ingredient to an analysis of the antineutrinos is the selection of
charged current 7, events. Such a selection is developed for this thesis: two new
muon charge-identification variables are developed in chapter 5, and these are
used to form a complete selection method in chapter 6. A second ingredient is a
method of extrapolating the measured energy spectrum from the near to far de-
tectors. One such method (used in previous MINOS v,, analyses) has, as explained
in chapter 7, been further developed to allow the simultaneous extrapolation of
v, and 7, spectra, allowing for differing neutrino and antineutrino oscillation pa-
rameters. Chapter 8 presents the final ingredient necessary for the analysis: a
summary of the sources of systematic uncertainty which affect the measurements.

Chapter 9 presents the results of the 7, analysis. Given the low statistics, the
constraints on the oscillation parameters are correspondingly weaker than those for
the neutrinos; but they represent the first direct measurement of these parameters
separate from those of the neutrinos. A limit is also placed on 7, appearance.

Finally, chapter 10 summarises the results obtained in the context of our cur-
rent understanding as has been discussed in chapter 2. It furthermore looks at the
future directions the MINOS experiment, and the neutrino physics community at

large, may look to go in light of what has been presented.



Chapter 2

The History and Theory of

Neutrino Physics

Almost all reviews of the history of neutrino physics begin with a reference to
Wolfgang Pauli’s letter of 1930 [1] in which a new, light, neutral, weakly interacting
particle was first proposed. This is indeed a fitting place to begin as Pauli was the
first person with the insight (and the status) to be able to unfashionably increase
the complexity of the physicist’s model of the world by introducing a seemingly
unnecessary (and, worse still, undetectable) new particle.

Yet the ‘neutronen’ (or neutron) as Pauli called it was not the neutrino we
know today: in trying to solve all the problems of atomic theory in one sweep,
Pauli had actually predicted a hybrid of the neutron and neutrino. It took the
discovery of the neutron by James Chadwick and the formulation of a theory of
beta decay by Enrico Fermi for the neutrino to gain the beginnings of an identity

that has continued to fascinate physicists for the next 70 years.
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2.1 The Need for the Neutrino

The first two decades of the 20th century saw a number of physicists addressing
the postulate that the electron produced in the $-decay of an atom had a unique
energy: not a continuous distribution. This proved less than straightforward as the
usual spectrographic technique of bending the electrons through a magnetic field
and measuring the amount of curvature by the position of arrival on a photographic
plate was flawed by the propensity of the plate to show so strongly any lines in the
spectrum (such as those from internal conversion) that any underlying continuous
distribution was masked.

Two leading proponents of $-decay studies were Otto Hahn and Lise Meitner
who, in 1908, reported that the $-decay electrons were produced with a unique en-
ergy [2]; but after further experimentation they obtained, in 1911, results showing
an underlying continuous spectrum [3]. The continuous distribution of energies
was confirmed in 1914 by Chadwick using a Geiger counter instead of a photo-
graphic plate [4].

Even a confirmation of the continuous spectrum of electron energies was not
cause enough to warrant a new particle: the electrons may merely have been losing
energy on the way out of the radioactive material (perhaps through collisions
with other atoms). The definitive experiment was an ingenious piece of precision
physics performed by Charles Ellis and William Wooster in 1927 [5]. They placed
a radium source on a 1 mm diameter nickel wire in a slightly larger brass tube,
inside a 3.5 mm diameter lead tube: enough to completely absorb all (-decay
electrons emitted by the radium. By measuring the O(1/1000°C) temperature rise
of the system, they could measure the total energy released in the $-decays. If the
electrons were all emitted with the same energy but lost energy through collisions
in the source medium, the energy measured would have been consistently that

of the highest-energy 3-decay electrons: 1.05 MeV. However, the average energy
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of the (3-decay spectrum was measured, leaving no room for energy to have been
deposited in the source. The electrons must have been emitted with a range of
energies.

Niels Bohr’s quantised model of the atom showed that (3-decay electrons were
of too high an energy to be those from the atomic orbitals. Therefore they must
emanate from the nuclei, so must have a unique energy. The experimental evidence
contradicting this theory caused Bohr to doubt the conservation of energy. Pauli,
however, took a different tack in his famous letter: proposing a new, undetectable
particle that could carry off the missing energy.

Pauli also refers to the then problem of the spins of nuclei such as Nitrogen. It
was known that nuclei were too heavy to be made purely from protons. Instead,
the popular model, taking as an example “N, was a nucleus containing seven
protons to give the correct charge, seven more protons to supply the necessary
mass, and seven electrons to cancel the charge of the extra protons. This totals
an odd number of spin-half particles, which must give an overall half-integer spin.
However, the N nucleus was measured to have integer spin by Franco Rasetti
in 1929 [6, 7] (although it took Walter Heitler and Gerhard Herzberg to interpret
his results as showing the Bose-Einstein nature for the nucleus [8]). Some number
of Pauli’s neutronens, with spin %, could exist within the nucleus and provide the

missing angular momentum.

2.2 The Neutrino (zains its own Identity

The emergence of the neutrino from the neutronen concept began with the dis-
covery, in 1932, of the neutron by Chadwick [9]. He investigated radiation given
off by beryllium and boron, at the time thought to consist of photons. He found it
to be too penetrating to consist of photons. Furthermore, when passing through

matter, the atoms ejected through collisions with the radiation were of too high
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an energy for the radiation to be photonic. Chadwick concluded the radiation
consisted of neutral particles slightly heavier than the proton: neutrons. However,
he considered these to be compound particles: a bound state of a proton and an
electron.!

In 1932 Dmitri Iwanenko discussed the concept of the neutron as a fundamental
particle [10] and Werner Heisenberg developed this into a more detailed model of
nuclear structure [11, 12, 13]. In 1934, Iwanenko suggested the [-decay electron
could be created during the process, analogously to the creation of a photon in
electromagnetic decays [14]. Around the same time, Francis Perrin [15] and Enrico
Fermi [16] put forward the idea of the neutrino as a massless particle created during
the process of  decay. Fermi went into the greater mathematical detail (see [17]
for an English translation of his paper), using perturbation theory to calculate a
matrix element for the interaction at a single point of a neutron, proton, electron
and neutrino. He was able to calculate the dependence on the neutrino mass of
the energy spectrum of the emitted electron, allowing him to conclude the mass

of the neutrino to be very small.

2.3 The Discovery of the Neutrino

It was not until the 1950s that the neutrino was directly observed. Attempts had
been made [18, 19] but all had been thwarted by the very small cross section for
neutrino interactions (~ 6 x 1072 barn for Zp interactions [20]).

The discovery was made in 1953 by Fred Reines and Clyde Cowan at the
Hanford reactor site [21, 22, 20, 23]. A tank of 300 litres of cadmium-doped
liquid scintillator, surrounded by photomultiplier tubes (PMTSs), was placed next

to a reactor. An antineutrino would interact through 7p — net. The positron

!Chadwick makes the passing comment that viewing the neutron as an elementary particle
has ‘little to recommend it at present except the possibility of explaining the statistics of such
nuclei as “N’.
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annihilates with an electron in the tank producing two prompt photons (detected
as a single pulse). The neutron is captured by the Cadmium to produced a delayed
photon, required to be within 9 us of the positron pulse. 2.5540.15 counts/minute
were measured with the reactor on and 2.14 4+0.13 counts/minute with the reactor
off.

This ~ 20 signal was promising but not conclusive, so Reines and Cowan
performed a further experiment at the Savannah River Plant in 1956 [23, 24].
Three layers of scintillator were alternated with two layers of cadmium-doped
water. The neutrino, interacting in the water, produced a positron almost at
rest which decayed to two back-to-back photons. The neutron then produced a
delayed photon when captured by the Cadmium. Simultaneous signals in two
adjacent scintillator layers signified the positron photons, and the delayed photon
from the neutron was required to be detected in one of these two layers. Any signal
in the third scintillator layer implied the event may have been caused by a cosmic
ray, thus acting as an effective veto. The number of counts with the reactor on

Uin the first running

minus the number with the reactor off was 1.23 £ 0.24 hour™
period and 0.93+0.22 hour™ " in the second (the two periods with slightly different
detector setups). This much clearer signal demonstrated conclusively the direct

observation of the neutrino.

2.4 Parity Violation

By 1956 the then named #* and 7+ particles had been discovered, decaying re-
spectively into two and three pions (positive and negative parity states respec-
tively [25, 26]). Assuming conservation of parity, the #7 and 7 must have been
two separate particles with different intrinsic parities. However, these particle had
been measured to have the same lifetimes to within 10% [27, 28, 29] and the same

masses to within 1% [26]. This caused Tsung-Dao Lee and Chen-Ning Yang to
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investigate the experimental evidence for parity conservation [30]. They discov-
ered there was good evidence for its conservation in strong and electromagnetic
interactions, but not in weak interactions. This allowed them to suggest the 6©
and 71 were the same particle, decaying into two opposite parity states. Lee and
Yang suggested a number of experiments to directly observe parity violation, one
of which Chen-Shiung Wu performed the same year [31].

Wu placed a sample of ®°Co, at low temperature, in a magnetic field so that the
spins of the nuclei were aligned. The (-decay electrons were emitted preferentially
in the direction opposite to the nuclear spin: direct evidence for parity violation
(as upon parity reversal the electron momentum changes direction but the nuclear
spin does not). The 6% and 7+ could then be viewed as two decay channels of the
same particle, now called the K.

An investigation of the particle spins and momenta involved in the Wu experi-
ment suggests a preference of the antineutrino to take a positive helicity. However,
without a measurement of the exact direction of the neutrino with respect to the
nuclear spin, a direct measurement had not been made. A direct measurement of
the helicity of the neutrino was made by Maurice Goldhaber, Lee Grozdins and
Andrew Sunyar in 1957 [32]. A sample of "?Eu (nuclear spin 0) was allowed to
decay by K-electron capture to 2Sm* (nuclear spin 1). The spin of the emitted
neutrino must be in the opposite direction to that of the »2Sm* nucleus (such
that the total final state spin sums to %: the spin of the initial-state electron).
The '%2Sm* is left with recoil momentum in the direction opposite to the neu-
trino and parallel or anti-parallel to its nuclear spin (depending on the neutrino
helicity). °2Sm* emits a photon to decay to the spin-0 state 2Sm. The pho-
tons emitted parallel to the %2Sm* momentum take the nuclear spin away, thus
having the same helicity as the neutrino. These photons, boosted slightly by the

nuclear recoil momentum, have the correct energy to undergo resonant scattering

by a further ®2Sm sample. Observing these resonant scatters therefore selects
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those photons which tag the neutrino helicity. The resonantly scattered photons
were passed through magnetised iron, which could more easily absorb photons
if their spin was aligned with the magnetic field, allowing a measurement of the
photon helicity. The photon, and therefore the neutrinos, were measured to be

left handed, at a level consistent with 100%.

2.5 The Weak Interaction

Fermi [16, 17] developed his theory of the weak interaction by analogy with the
electromagnetic interaction. He wrote the [3-decay matrix element in the form
G(u, v u,) (U, y,ue) where G is the coupling constant, u, the Dirac spinor of the
particle z, and the 7, are the Dirac gamma matrices. This contains no propagator,
implying the four particles interact at a point. Fermi also implicitly assumed parity
conservation, hence the vector-vector form of the interaction.

With the discovery of Parity violation, the vector-only nature of the weak
interaction was questioned and a series of papers in 1957 [33, 34] led to the inclusion
of an equal axial component (,7s) in the weak current, resulting in a [-decay
matrix element of %[ﬂ,ﬁ“( L — 5)up] [Ty, (1 — vs)uel.

Without a propagator, Fermi theory predicts the cross section o(vn) oc E2
(where E, is the neutrino energy). This violates unitarity at around 300 GeV [35]
(first noticed by Heisenberg [36] in 1936). However Hideki Yukawa had already
introduced the concept of exchange bosons in the context of the strong force [37]
which, when applied to the weak interaction, solved the unitarity problem (a fur-
ther addition, such as that of the Higgs boson, being required to solve the problem
across all energies). The boson needed to be massive so that the interaction was
short-range. The mathematical problems of introducing this boson were solved in
the 1960s by Sheldon Glashow [38], Abdus Salam [39] and Steven Weinberg [40].

At the same time they unified the weak and electromagnetic forces, predicted a
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Figure 2.1: The possible interactions of a neutrino. Left: the charged current
weak interaction. Right: the neutral current weak interaction. These interactions
apply for all (non-sterile) neutrinos and antineutrinos of lepton flavour I.

neutral component to the weak interaction and predicted masses for the exchange
bosons.

The neutral current (NC) was first observed in a neutrino interaction in the
Gargamelle bubble chamber in 1973 [41, 42], the bubble chamber having been
placed in the path of neutrino and antineutrino beams at CERN. The charged
and neutral exchange bosons (the W and Z) were first observed and their masses
measured at the UA1 and UA2 experiments on the pp collider at CERN [43, 44,
45, 46].

The neutrino, being electrically neutral and non-hadronic, is left to interact
only through the weak interaction by the charged and neutral currents as in fig-

ure 2.1.

2.6 Three Types of Neutrino

The muon was discovered by Carl Anderson and Seth Neddermeyer in 1936 [47, 48].
It was, at first, thought to be the meson (now known as the pion) postulated by
Yukawa to mediate the nuclear binding force. However, experiment [49] showed
that the muon did not experience the strong interaction [50, 51]. This suggested
the muon was a heavier version of the electron, particularly as it was found to
undergo the same processes as the electron with similar coupling constants [52, 53].
The electron, muon and neutrino formed a family of particles known as leptons.

The lack of the decay 1 — ey [54] suggested a separate conservation law for the
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number of electron and muon-type leptons, raising the question of whether there
were separate electron and muon-type neutrinos. This question was answered at
Brookhaven in 1962 [55] with the first neutrino beam. Colliding a proton beam
on a beryllium target, a pion-rich (unfocused) hadronic beam was produced. The
pions decayed through 7% — u* + (v/7), the muons being stopped by shielding.
The neutrinos, when interacting in spark chambers, were seen to produce only
muons and no electrons: confirming their muon-like identity (the v,,).

The discovery of this heavier version of the electron led physicists to wonder
if further, even heavier leptons existed [56]. The 7 lepton was discovered in the
SPEAR eTe™ collider in 1975 [57]. The natural next question to ask was whether
this new lepton also came with an associated neutrino.

The technical difficulties of producing tau neutrinos proved so large that the
first evidence for it was an indirect measurement from the Large Electron Positron
(LEP) collider at CERN. Comparing the total width of the Z resonance to the
width from its decays to visible particles yields the ‘invisible width’: the width
for its decay to particles not visible in the detector, namely neutrinos. Assuming
equal coupling strengths of the Z to all neutrino types, fits to all LEP data yield
a value of the number of neutrinos types lighter than % which experience the
weak interaction of 2.994 £ 0.012 [58].

The v, was not directly observed until 2001 [59]. The DONUT collaboration,
at Fermilab, created a v -enriched neutrino beam by colliding a proton beam on a
thick tungsten target. The thick target absorbed most pions and kaons, leaving a
beam rich in D, mesons, which decay with a 6% branching fraction to 7v,. After
shielding to remove all non-neutrino particles, the beam passed through a detector
of alternating steel and emulsion planes. v, charged current (CC) interactions took
the form v, + N — 77+ X (where N is a nucleus in the detector and X a hadronic

shower). The tau is tracked in the emulsion, but decays after only a few millimetres

into charged particles and neutrinos, causing a kink in the track visible with the
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high-resolution emulsion. Four such events were observed.

2.7 Neutrino Flavour Change and Mass

By 1957 the mass of the neutrino had not been measured to differ from zero, and
many thought it was identically zero [60]. However, Bruno Pontecorvo considered
the potential for neutrino flavour change allowed by a non-zero mass [61]: at this
point ¥ = ¥ oscillations by analogy with the kaon system, assuming no conser-
vation of lepton number in the (then one-flavour) neutrino sector. In 1967 [62],
following the discovery of the v,, he considered a number of different neutrino
flavour change models including possible v, = v, oscillations. Meanwhile, in
1964, Ziro Maki, Masami Nakagawa and Shoichi Sakata discussed the two-flavour
neutrino oscillation model in the form we know it today (albeit in an attempt to

explain the structure of hadronic particles alternate to the quark model) [63].

2.7.1 Neutrino Oscillations

The formulism of neutrino oscillations put forward by Pontecorvo, Maki, Naka-
gawa and Sakata (PMNS) was for a two flavour scenario. Here, it is extended to
encompass three flavours, using the notation of [58].

Neutrinos experience the weak interactions in eigenstates of lepton flavour:
|Ve), |vu) and |v;). They propagate through vacuum in their mass eigenstates |v4),

|e) and |v3). These states are not equivalent, but are related by a rotation

Ve V1
v | =0 w |- (2.1)
Vr V3

U is called the PMNS rotation matrix, satisfying UTU = 1. The unitarity con-
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straint removes nine free parameters, and five of the remaining are relative phases
between the six lepton fields which can be absorbed by those fields. This leaves
four free parameters in U. The standard parameterisation is in terms of three

mixing angles 0,5, o3 and ¢35 and a phase 9:

Uel Ue2 Ue3
U = Uul U,u2 UH3
UT]. UT2 U7'3
1 0 0 C13 0 s137 ci2 S12 0
= 0 o3 S93 0 1 0 —S19 c12 O
0 —S923 Co3 —81361(S 0 C13 0 0 1
—id
Ci12C13 512€13 S13€
— _ _ is _ is (2.2)
S$12C23 — C12523513€ C12C23 — S12523513€ $23C13 :
i id
512823 — C12C23513€ —C12523 — S512€23513€ C23C13

where s;; = sin6;; and ¢;; = cos 6;;.
Any source (the Sun, a reactor, an accelerator, etc.) produces a neutrino at a

time ¢ = 0 in a weak eigenstate |v,(t = 0)). This is a sum of mass eigenstates |v;):

|v4(0) Z v -

(At this point the treatment is general for any number of neutrino flavours.)

As the neutrino propagates, its mass eigenstates evolve:

|Va Z U* 1pzz|yZ

where z is the four-position of the neutrino and p; the four-momentum of the mass

state 1.

At a time ¢ the neutrino is observed through its weak interaction in a detector.
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Its wavefunction is therefore collapsed into a weak eigenstate (vs| = 3. Ug; (v

(a sum over mass eigenstates j):

(vglva(t)) = ZZUﬁjU&eim“%\w)

J

7

Labelling the energy and mass of the ith neutrino mass eigenstate F; and m;

respectively and assuming all mass eigenstates have the same three-momentum?

P,

pi-r = Eit—p-Xx

= H/IpP+m; —p-x

Performing a binomial expansion assuming m; < E; where, for highly relativistic

neutrinos, t = L and p - x = |p|L (where L = distance travelled):

m2
pi-x = pL<1+ Z)—pL
p| BT p|

= 3z (as |p| = E for m; < E; where E is the average of all E;).

2

Thus (vs|va(L)) = 32, UsUre 2.

The probability of observing a neutrino of flavour v a distance L from a source

2This is an approximation, as one could equally assume the three eigenstates have the same
energy. A more exact treatment is the wave-packet approach [64].
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of originally pure v, is then

P(va —vg) = |(vslva(L))

= (Z U U, e ) (Z UyUsic E>
J

m2. L

= 22 UiUalaluge”
+ Z Z Uﬁ] Uﬁl ai a] Z Z U,Bj Uﬁz %) a]

where Am =m? — m ; and the last two terms, being identical, sum to zero, and

have been added in to enable the following manipulation. Rearranging:

-~

04—>Vﬁ ZZUﬁjUﬁz at a]( _1)+ZZU5JU51 o a]'

A

Looking at the individual terms,

A = ZUﬁz‘U;iZUEjUaj
( J

= > UsUL Y Ul
i j

= 50‘6

due to the unitarity of U. Looking at B;;, we see that B,; = B;; and B;; = 0.

5o

Thus B;; + B;; = 2%e[B;;]. Therefore the terms in the sum over B;; can be paired

together and those with 7 = 7 removed:

‘Amzsz
Plva = vg) =dop+2 ) > Re {UEJU&'U@U“’ (e_l v 1)] |

i(>5) I

Using

i Am?j L Amfj L o Amfj L
2FE g
e coS 5E + 1s1n 5L
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and

Ami;L | — 9sin? Ami;L
COS ok — 1 =281 T

gives

P(v, —v3) = 0ap

+2 > ) " om [UsUsiUs, Uy sm( o )

i(>5) 7

—4) Y Re [UpUplUsUsy) sin’ ( 45
i(>j3) J

2.7.2 The Two-Flavour Approximation

In most experiments it is sufficient to use a two neutrino-flavour model. This can
be derived by beginning with a 2 x 2 PMNS matrix and following the steps laid
out above (see, for example, [65]). However, it is more informative to show how
the three-flavour formulation reduces to a two-flavour model as this demonstrates
the necessary approximations and their validity.

As a demonstration, the case of the MINOS experiment (on which the analysis
presented in this thesis is based) will be used. This produces a beam of muon neu-
trinos of energy O(3 GeV) and measures the number of muon neutrinos remaining
after they have propagated 735 km.

So far, units have been used in which ¢ = A = 1. Moving into SI units, the
argument of the last sinusoidal term in equation 2.3 becomes

AmZc'L
4FEhe
To leave E in units of GeV, L in km and Amfj in eV?, putting h = 6.58 x

107% GeV's, ¢ = 3.00 x 10° kms™" and AmZ;c* = AmZ; x 107 (eV?/GeV?), the
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argument then becomes
1.27Amij
E )
and the argument of the first sinusoidal term in equation 2.3 is a factor of two

larger.

The transition probability relevant to MINOS is

' 1.27Am2 L
Py, —uv,)=1-4 Z Z ‘Uui|2‘qu|25m2 (TJ) .
i(>5) J

where the Jm term in equation 2.3 goes to zero when o = (3. As shall be seen later
in this chapter, experiment has found sin 6,3 to be small. Approximating sin 6,3 =

0 and cos 3 = 1, the relevant PMNS matrix components from equation 2.2 are

i6 2 . .2 2
Ui = s12023 — C12523513¢€ = |U,u1‘ /N 819Co3
i6 2. 2 2
U,u2 = C12C93 — S12523513€ = |UH2| R C19Co3
2. .2
U,u?; = S$93C13 = |UH3‘ R S93.

Experiment has shown Amgy; = O(7 x 107° eV?). Thus for MINOS,

L <1.27Am§1L) L <1.27 X 7 x 107 x 735
S1n —_— ~ Sin

~ ain? ~
Z 3 ) ~ sin“(0.02) ~ 0.

Similarly, Am2, = O(3 x 1072 eV2(>> Am2,)) and Am2, — Am2, = Am2,, so

Am3, &~ Ami, = Am?, . Therefore,

1.27Am?2, L
i3 .

Plv,—uv,)~1- 4833033(8%2 + 0%2) sin® (—atm

Using 2sin fy3 cos fa3 = sin 2053 and sin® 615 + cos? 1o = 1 gives the well known
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two-flavour expression for the neutrino survival probability:

1.27Am?2 L
P(v, — v,) = 1 — sin?(20y3) sin® <#) .

2.8 Evidence for Neutrino Oscillations

2.8.1 Solar Neutrinos

The first fuel for the idea of neutrino oscillations came in 1968 in the form of
an experiment performed by Ray Davis at the Homestake mine. Davis measured
the flux of neutrinos from ®B decay in the Sun by looking for atoms of Argon
produced in a tank of C,Cly through the process v, +37 Cl — e~ 437 Ar. He put a
limit of less than half the flux expected from solar models [66] (as he detected no
neutrinos). The solar models [67], particularly relating to the Boron chain, were
not well trusted at the time; so a mistake in the solar model was viewed as the
most likely cause (although Pontecorvo and Gribov did relate this result to their
kaon-like model of neutrino oscillations [68]).

For the next 20 years little happened, despite Davis continuing taking data at
Homestake, in which he detected neutrinos and confirmed his earlier result. Even-
tually, the Kamiokande water Cerenkov detector, built to search for proton decay,
was upgraded in 1986 to detect 8B solar neutrinos through electron scattering
(vze” — vze ; a process, as explained below, dominated by electron neutrinos).
In 1989 the collaboration published a measurement of 0.46+0.13(stat.)40.08(syst)
times the flux expected from the standard solar model (SSM) [69].

Physicists decided to investigate the discrepancy by looking for lower energy
neutrinos from the pp solar chain. There is a large (up to 30%) uncertainty on
the 8B neutrinos flux, but the pp flux is known to within 3% [70]. Hence fewer

uncertainties will affect neutrino disappearance measurements made with these pp
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neutrinos. These neutrinos could be observed with Gallium (v, +"Ga — e~ +"*Ge,
with a neutrino energy threshold of 0.233 MeV) which was done by SAGE in
1991 [71] and GALLEX in 1992 [72]. The final results [73, 74] measured around
half the flux of neutrinos predicted by the SSM. GALLEX continued on as GNO
through to 2003 [75], measuring a neutrino flux slightly lower than, but consistent
with, GALLEX.

The Kamiokande detector continued data taking through to 1995 [76], con-
firming a measurement of only half the expected ®B solar neutrino flux, with the
additional features that the direction of the detected neutrinos could be correlated
with the position of the Sun, and their energy spectrum shown to agree with the
SSM prediction for the neutrino energy spectrum from 8B decay [77].

Kamiokande was succeeded by a larger version, Super-Kamiokande, which has
50,000 tonnes of water [78] compared to Kamiokande’s 3,000 tonnes [76]. Super-
Kamiokande is still taking data, but their most recent solar neutrino results [79]
again yield around half the expected ®B neutrino flux.

The SNO detector, which took data from 2000 to 2006, consists of a sphere of
1,000 tonnes of heavy water (D2O) surrounded by PMTs. The deuterium in the
heavy water allows three different interaction mechanisms of the neutrinos to be
observed. The CC process v.+d — p+p—+e~, the NC process v, +d — n+p+v,,
and the electron scattering process v, +e~ — v, +e~ which happens through both
the NC interactions of all neutrino flavours and the CC interactions of electron
neutrinos (v, interactions dominate this channel by a factor of ~ 6).

The electrons produced by the CC interactions are detected by observing their
Cerenkov light in the water. The direction of the electrons from the electron
scattering process are more strongly correlated with the direction of the Sun, so
can be separated from those from the CC nuclear interaction on a statistical basis.

In the second phase of operations, two tonnes of NaCl were added to the heavy

water. Neutrons produced in the NC process are captured by the 3Cl to produce
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Figure 2.2: The flux (¢) of v, and v, + v, from the Sun measured with the SNO
detector. Dotted lines: region in which the v, + v, + v, fluxes sum to the SSM
prediction. Blue: region in which the v, + v, + v, fluxes sum to the total flux
measured from the NC interactions. Red: measured v, flux through the CC inter-
action with deuterium nuclei. Green: electron scattering measurement (NC and
CC, but with CC dominating); grey: the same electron scattering measurement
from the Super-Kamiokande experiment. Figure from [80].

an excited state of 36Cl which relaxes to its ground state emitting photons detected
by the PMTs.

In the final phase, the salt was removed and *He proportional counters lowered
into the detector, which have a high cross-section for neutron capture: again aiding
the NC measurement.

The measurement of the NC interaction rate allowed the total flux of all active
neutrino flavours to be measured: this should be equal to the v, flux predicted by
the SSM if the deficit of electron neutrinos measured by the preceding experiments
is due to neutrino flavour change. This is indeed what SNO measured as shown
in figure 2.2. The figure shows the v, 4+ v; flux against the v, flux. The dotted
lines show the region constrained such that the v; + v, + v, fluxes sum to the

SSM prediction. The blue stripe shows the region constrained such that the v, +

v, + v, fluxes sum to the total measured by SNO from the NC interactions. The
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red stripe shows the v, flux measured by the CC nuclear process. The green
stripe shows the electron scattering measurement, with the corresponding Super-
Kamiokande measurement superimposed in grey. The constraints all coincide in a
region consistent with the SSM plus neutrino flavour change. The ratio of v, flux
(from the nuclear CC process) to total neutrino neutrino flux was measured to be

0.340 + 0.023(stat.) 5027 (syst.) [80].

Interpretation of the Solar Data

As demonstrated for MINOS in section 2.7.2, solar neutrino oscillations can also
be treated in a two-flavour framework through the application of a similar set of
approximations. The mass splitting and mixing angle relevant to solar oscilla-
tions are Am3, and 6;5. The values of the parameters allowed by the data are
summarised in figure 2.3.

The allowed regions from chlorine and gallium data include an area with
Am32, < 107 eV? and a large mixing angle (0.1 < tan?# < 10). This comes
through an interpretation of simple oscillations in vacuum between the Sun and
Earth, the wavelength of oscillations, [,, having a value such that the Earth lies
at a point at which the neutrino wavefunction has become predominantly non-v,.
The different energies of neutrinos probed by gallium and chlorine mean only a
small region of parameter space satisfies both sets of data. The extreme case of
this scenario at the lowest allowed Am3, corresponds to the Earth falling within
one oscillation wavelength of the Sun, and is referred to as the just so solution as
it requires a precise coincidence between [, and the Earth to Sun distance. The
reasonably large mixing angle is required to account for the large v, deficit. 69
enters equation 2.4 in the form sin?(26;,), hence P(v, — ) is identical under
012 — (90° —012). Thus the regions 6 < 45° and € > 45° cannot be resolved, hence
the line of symmetry about tan?6 = 1.

A further constraint on this vacuum solution comes from the non-observation
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Figure 2.3: A summary of the constraints on neutrino oscillation parameters af-
forded by all data to date. Filled, coloured areas represent allowed regions. Lines
not surrounding filled regions are exclusion limits: when these lines do not close the
region above the line is excluded, otherwise the region within the line is excluded.
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of seasonal variations in the v, flux by the water experiments: the eccentricity of
the Earth’s orbit alters the Sun to Earth distance, which would alter the relative

amount of v, to non-v, component in the neutrino wavefunction.

From equation 2.4 [, can be seen (in natural units) to be A‘*Z;E%Q. As Am3,
increases, [, decreases until the separate oscillation peaks cannot be resolved.
What is observed is an average over the second (L-dependent) sinusoidal term in
equation 2.4, giving

1 1
P(ve — 1) =1- 5 sin®(20;5) > 1 (2.5)

small wavelength

hence the vertical stripe continuing into the higher Am?2, region for the Gallium
experiments (where the flux deficit was approximately %) but not for Chlorine or
water where the > % deficit cannot be explained in this region.

However, a further interpretation of the data exists beyond the simple vacuum
oscillation model set out above.

Lincoln Wolfenstein first pointed out in 1978 [81] that the passage of neutrinos
through dense matter affects the process of oscillation. Stanislav Mikeev and
Alexei Smirnov [82] pointed out the application of this idea to solar neutrino
oscillations.

In vacuum, neutrinos propagate as mass eigenstates. Thus the free-particle

mass eigenstates are eigenstates of the free Hamiltonian

0 V1 21

i— =H . 2.6
ot ‘ (2:6)
V9 1%)
To transform this into an equation for flavour eigenstates the two-dimensional
version of equation 2.1 is used (in two dimensions all phases in U can be absorbed

into the wavefunctions, leaving the matrix real). Also, assuming small neutrino
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mass,

2 2
Hov; = Ev; = (M) v & (p—l—%) v~ <p+%) V.

Substituting these into equation 2.6,

. 8 Ve it 0 Ve
ﬁUT =pl+| * ||U'
Uy 0 55 U,

where F is the average energy of the two mass states and v, represents the non-v,

neutrinos in the two-flavour approximation. Multiplying from the left by U and

cosf siné

using U = ,
—sinf cosf
o Ve m% 0 Ve
i = )1+ U f 2.7
"ot y <p * QE) * 0 Ami y (27)
x 2F ] xr
21 cos(26 — sin (26 Am?2 Ve
= <p + % + 5) 1- (26) (#) 477;21 (2.8)
—sin(20) — cos(26) Vs

The interaction of the neutrinos in matter is modelled by adding a potential
term to the Hamiltonian. All active flavours experience the same potential (Vi)
through their NC interactions, but the electron neutrinos experience an extra
potential, —GN,v/2, through their CC interactions with electrons in the matter
(G is the Fermi constant, N, the number density of electrons in the matter). The

Hamiltonian in the flavour basis must be correspondingly transformed:

Ve VN — GNe\/§ 0 Ve
Ho — | Ho +

Vg 0 VN Vg
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Performing this transformation on equation 2.8 (taking all diagonal terms into a

constant K),

L0 | Ve
la =
GN. 4E o
K1 Am3, | cos260 + 2 B, sin 20 Ve
4F . GN. AE
— sin 26 — cos 260 — 2 Aml Vg

To interpret these results analogously to vacuum oscillations, this equation

should be put into the form of equation 2.7. This can be done to obtain

cosf,, sinb,, 2 2
U ; Ams, _ Am;,
—sind,, cos0,, 2L 2L
with
in 26
tan 26, = Ll (2.9)
cos 20 —
0
where [y = G]\QI”\/E.

Neutrinos are produced near the very dense (high N.) centre of the Sun and
move outwards through gradually decreasing N, which gradually changes 6,,,. The
neutrinos are therefore only ever in instantaneous mass eigenstates v,,1 m2, related

to their flavour states by

V1 cosf,, —sind,, Ve

Vo sinf,, cosb,, Vg

If the change in density is slow enough to be considered adiabatic, the neutrinos

remain in these instantaneous eigenstates as they propagate. (This adiabatisity

condition requires the oscillation wavelength in matter, [, = %, to be much

smaller than the length of characteristic density changes.)
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Taking the case in which Am2, > 0 and § < 45°, for a high enough N,,
equation 2.9 implies tan 26,, — 0 from below, hence 6,, — 90°, independent of 6.
Thus v, = v,,2, so neutrinos produced at the centre of the Sun are produced mainly
in the v,,5 state. As the neutrinos propagate outwards, N, decreases adiabatically
and the neutrinos stay in the v, state as 6, decreases back to # when they reach
the vacuum of space, at which point v,,, = 1. Taking a situation of very small 6,
Vo &~ v,. Thus upon reaching Earth a large v, deficit (> 50%) is observed.

In figure 2.3 a triangular allowed region is visible in the Chlorine and Gallium
data. Above the horizontal line at the top of the triangles, Am3, is so large that
N, at the core of the Sun is not high enough to allow 6,, to be different enough
from 6 to account for the v, deficit. To the right of the triangles, 8 > 45° and for
large N, tan6,, — 0 from above (so 6,, — 0) independent of the sign of Ams3,,
suppressing rather than enhancing the oscillations. In the centre of the triangles
the MSW effect is too strong, causing a deficit in v, larger than measured in data.
The left most point of the triangles mark the point at which  is so small that N,
in the core of the Sun is too small to enhance #,, enough to cause the v, deficit.
Below the diagonal side of the triangles the adiabatic approximation breaks down.
The density changes fast enough that as #,, returns to @, the neutrinos do not stay
entirely in v,,2. At the surface, some are left in the v, state and some in the 14
state. At the low values of sin # this means there is a higher v, component to the
wavefunction than for pure v,,5, hence a smaller deficit.

For Am3, < 0 a high N, causes 6,, — 0, hence a suppression rather than
the observed enhancement of the oscillations. Thus the solar data resolves the
hierarchy of these two neutrino mass states.

The Gallium and Chlorine triangles fall in different regions due to the different
energies of the neutrinos involved. The combined data therefore rules out much
of the parameter space, leaving regions at a small mixing angle (SMA; tan? 65 ~

1073), the vacuum region (VAC; Am3, < 1072), alow AmZ, region (LOW; Am3, ~
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1077) and a large mixing angle region (LMA; Am3, ~ 107%).

The water Cerenkov detectors give two further pieces of information due to
their abilities to measure the energy spectrum and time of day of the neutrinos.
The shape of the neutrinos energy spectrum is expected to differ from that pre-
dicted by the SSM as, at a low enough energy, the matter effect is no longer
strong and vacuum oscillations apply. Only a very small spectral distortion was
measured. Furthermore, passage through the Earth causes the matter effect to
come into play, again enhancing the mixing angle, allowing a regeneration of elec-
tron neutrinos at night when the Earth is between the detector and the Sun. SNO
measured no significant day-night asymmetry in the CC v, interaction rate [80].
These results exclude the SMA region and cut into the LOW, VAC and LMA

regions, leaving the LMA region most favoured.

Manmade ‘Solar’ Neutrinos

The remaining ambiguities in parameter space were removed by the KamLAND
experiment. This observes the flux of 7, from the various nuclear reactors around
Japan, using 1 kTonne of liquid scintillator. The energy and baseline % is such that
the experiment is sensitive to the LMA region. The most recent result [83] is shown
in figure 2.4. The result clearly shows an oscillatory pattern of 7, disappearance
as a function of %, covering two oscillation maxima. This is a conclusive signature
of the LMA solution and furthermore disfavours alternative models of neutrino
flavour change (such as decoherence and decay).

The current world best fit to all solar-regime oscillation data gives Am32, =

(8.013%) x 107 eV? and 6y, = (33.9123)° [58].

The Future: Low Energy Solar Neutrinos

The next step in solar neutrino physics is to look for the matter to vacuum oscil-

lation transition to confirm the LMA solution from solar neutrinos and test the
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Figure 2.4: The most recent results of the KamLAND experiment. The ratio
of measured to expected 7, flux is show (black dots) as a function of distance
travelled divided by neutrino energy. The best fit of the oscillation hypothesis is
shown in blue. Figure taken from [83].

theory of the matter effect. For the LMA solution this transition is expected to
happen in the region of 1 MeV. Looking at such low-energy solar neutrinos requires
very low background, liquid scintillator detectors. Such a detector is Borexino [84]
which has recently published its first results consistent with the LMA solution [85].
A similar experiment is SNO+ [86], expected to start taking data in 2010. Larger

liquid scintillator detectors are planned for the more distant future, for example

LENA [87].

2.8.2 Atmospheric Neutrinos

Cosmic rays consist of protons and other nuclei which interact with the Earth’s at-
mosphere to produce a flux of neutrinos. The primary process involved in neutrino
production is 7 — v, followed by pn — ev,v. (with both charges of pion contribut-
ing approximately equally; kaon decay contributes at a lower level but through an
identical channel). This means that, whilst the absolute flux of neutrinos is known

only to within 20% below 10 GeV, the ratio R = (v, + 7, flux)/(v. + 7. flux) =~ 2
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is known with much higher accuracy (better than 2%) in this energy range [88].

The experiments that first investigated atmospheric neutrinos in the context of
oscillations had been built to look for proton decay. Atmospheric neutrinos were
an important background to these experiments, encouraging their study.

In 1988 Kamiokande (the water Cerenkov experiment introduced above in
the context of solar neutrinos) produced independent measurements of the atmo-
spheric v, and v, fluxes, observing the expected v, flux but a (56+7)% deficit of v,
interactions [89]. However, this was not considered conclusive proof of atmospheric
v, disappearance as two iron calorimeter experiments published results consistent
with no disappearance: NUSEX measured Ryata/ Rexpected = 0.9670:55 [90] in 1989,
and Fréjus measured Ryata/Rexpectea = 1.00 £0.15(stat.) £ 0.08(syst.) [91] in 1995.

In 1992 another water Cerenkov experiment, the IMB detector, released results
in which they measured no v, disappearance [92], giving confidence to the iron
calorimeter collaborations. However, in 1992 IMB produced a further set of results
yielding R = 1.4 with a 2.60 deviation from R = 2 [93]. Kamiokande had also
continued to take data during this time, and by 1992 had measured a double ratio
Raata/ Rexpected = 0.6070 08 (stat.) £ 0.05(syst.) [94].

The possibility that this was a systematic error associated with water Cerenkov
detectors was ruled out when two further iron calorimeters measured a neutrino
flux differing from the expectation: MACRO in 1995 [95] and Soudan2 in 1997 [96].

To more directly test the oscillation hypothesis requires observation of the
neutrino flux as a function of % This is possible by looking at the flux as a function
of zenith angle: neutrinos produced directly above the detector typically travel L ~
15 km whereas those produced on the far side of the earth travel L ~ 10* km before
detection. This was first attempted by Kamiokande in 1994 [97], showing some
zenith-angle dependence of R; and, more recently, by Super-Kamiokande: first in
1998 [98] giving convincing evidence for neutrino mass, with ongoing analysis [99].

Super-Kamiokande was also introduced earlier in the context of solar neutri-
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nos. Like other water Cerenkov detectors it has the ability to differentiate v, and
v, CC interactions from the charged lepton produced. Electrons shower as they
pass through the water, producing a diffuse Cerenkov ring. Muons pass almost un-
hindered (barring ionisation losses), producing a much sharper ring. Zenith angle
measurements from Super-Kamiokande are shown in figure 2.5 [100]. No deficit
in any neutrino flux is seen in the down-going neutrinos, suggesting they have
not travelled enough distance for oscillations to occur. The upwards-going muon
neutrinos show a depletion of ~ 50%, suggesting they have travelled the distance
of many periods of oscillation and the condition of equation 2.5 has been reached:
averaging the sinusoidal term over %, with sin? 2053 ~ 1. (The approximations of

section 2.7.2 apply in obtaining the two-flavour oscillation model, implying the rel-

2

Zn-) No deviation from the

evant mixing angle is o3 and the mass difference Am
expectation is seen in the electron neutrinos, showing that the v, disappearance
is not occurring through v, — v, transitions.

Super-Kamiokande produced a further analysis [101], binning the data as a
function of % resolution, obtaining the results shown in figure 2.6. An %—dependent
deficit in v, flux is visible, with neutrino oscillations providing a better parame-

terisation than any alternative model (neutrino decay [102] is disfavoured at 3.40,

decoherence [103] at 3.80).

Manmade Neutrino Beams

As with solar neutrinos, using manmade neutrinos gives a more controlled situa-
tion in which to test the oscillation hypothesis. The K2K experiment created a
beam of muon neutrinos from a proton beam at 12 GeV and sent them 250 km
to the Super-Kamiokande detector. The neutrino energy spectrum was measured
near the production point (before oscillations) by a smaller water Cerenkov detec-
tor. Comparing this with the energy spectrum measured at Super-Kamiokande

revealed an energy dependent v, disappearance characteristic of oscillations [104].
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Kamiokande detector as a function of zenith angle. Left column: v.-like events;
right column: v,-like events. Top row: high energy events; bottom row: low energy
events. Black dots: data; red line: predicted event rate without oscillation; green
line: predicted event rate with best fit to oscillations. Figure taken from [100].
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Figure 2.6: Super-Kamiokande data. Black points: the ratio of the measured
atmospheric neutrino event rate to that expected in the no oscillation case as a
function of the distance travelled divided by energy of the neutrino (L/F). Black
line: the predicted ratio with the best fit to oscillations. Red and blue lines: the
predicted ratio with the best fit to decoherence and neutrino decay respectively.
Figure taken from [101].
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The MINOS experiment (discussed at length through the rest of this thesis)
follows a similar method, using iron calorimeters. The proton beam is at 120 GeV

and the baseline a correspondingly longer 735 km.

Interpretation of the Data

The Super-Kamiokande zenith angle data (figure 2.5) show a deficit of muon neu-
trinos but no excess of electron neutrinos, showing that the transition occurring is
not v, — v.. In the assumption of no extra, sterile types of neutrinos, this implies
the process is v, — v;.

All atmospheric neutrino (and v, beam) data can be modelled in the two-
flavour scheme set out in section 2.7.2. The interpretation is simpler than in the
solar case as matter effects do not play a role: only the v, and v, flavours are
involved which experience identical (NC only) matter potentials.

The regions in parameter space allowed by the most precise experiments are
shown in figure 2.7, including those from the MINOS experiment [105]. (The
Super-Kamiokande contours are also included in figure 2.3.)

The current official world average of the atmospheric oscillation parameters
(made in 2006 before the release of MINOS results) gives, at 90% c.l., 1.9 x
1073 eV? < Am2

atm

< 3.0 x 1073 eV? and sin? 2653 > 0.90. Figure 2.7 shows the

MINOS results to be consistent with these numbers.

The Future: Accuracy, v, Appearance and the Mass Hierarchy

MINOS will continue to take data until at least 2010, improving the accuracy of

its Am?

=, measurement. The projected (statistical only) sensitivities for various

exposures are shown in figure 2.8. A current estimate would be a final exposure
in the region of 8-10 x 10% protons on target (PoT).
These efforts will be continued by two new long-baseline manmade v, beam

experiments. Nova [106] will use the same beam as MINOS, but sit about 2°
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off the beam axis to reduce background from neutrinos in the high-energy tail of
the beam. Liquid scintillator near and far detectors will be used, the far detector
being anywhere between 13 kTonnes and 30 kTonnes.

A similar off-axis concept will be T2K [107] in Japan, which follows the K2K
model: using a 50 GeV proton beam to send muon neutrinos 295 km to the
Super-Kamiokande detector which, as with Nova, will sit ~ 2° off the beam axis.
However, the T2K near detector will not be a water Cerenkov instrument. It will
consist of an upstream fine-grained lead calorimeter, optimised to investigate 7°
production; and a downstream part to look at the tracks of charged particles,
consisting of TPCs interleaved with water and plastic scintillator.

Precisions of the order of 10~* eV? on Am2,  and 0.01 on sin? 26,3 are expected

atm
from this generation of experiments.

It has been assumed that the process v, — v, is responsible for the observed
v, disappearance (and the Super-Kamiokande collaboration have released analyses
showing the consistency of their data with v, appearance [108]), but the appear-
ance of tau neutrinos has yet to be directly observed. The OPERA detector [109]
(which has recently started taking data [110]) aims to do this, receiving the CERN
to Gran Sasso (CNGS) v, beam after 732 km. Using a technique similar to that
of DONUT, finely grained (~ 1 mm) lead sheets are interleaved with 50 ym emul-
sion layers on a 200 pm plastic base. This high position resolution will be able to
identify the short (O(1 mm)) tracks left by decaying tau leptons indicative of v,
CC interactions.

As electron neutrinos are not involved in atmospheric oscillations, the matter

effect does not come into play. The data can therefore be interpreted with the

2

vacuum oscillation model which is independent of the sign of Amj, .

However, a
small component of v, — v, transitions may occur through the angle 6,5 (which
will be discussed in more detail in section 2.8.3). This v, component will intro-

duce matter effects through the model discussed in the solar case (section 2.8.1),
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2

~um- The potential introduced to the Hamiltonian

dependent on the sign of Am
is different for neutrinos and antineutrinos, so observing separately v, — v. and
v, — U, transitions may allow the mass hierarchy to be resolved: an observation

that the Nova experiment may address. (However, for this measurement to be

possible will require a non-zero value of 6;3.)

2.8.3 03

The remaining unmeasured oscillation parameter is the mixing angle 6;3. This

2

s (therefore at a

drives v, < v, oscillations through the mass splitting Am
smaller % than the solar transitions, allowing the two regimes to decouple).

The % scale is well suited to the observation of reactor neutrinos at a distance of
O(1 km). The best limit of this type has been produced by the Chooz experiment:
a liquid scintillator detector (a technique similar to that used by KamLAND)
placed 1 km from the Chooz B nuclear power station in northern France. The
final results in 2003 [111] observed no signal, giving the exclusion region shown in
figure 2.3.

The lack of signal means 6,3 is small. The current world best average of 63
measurements gives a 90% c.l. limit of sin?(260;3) < 0.19 [58]. (A global analy-
sis including constraints from solar and atmospheric experiments takes this limit
down to sin?(26;3) < 0.07 [112], the constraints from the solar and atmospheric
data arising from removal of the two-flavour oscillation approximation used in the
interpretation discussed in previous sections.)

¢h3 can also be measured by looking at the process v, — v, through the atmo-
spheric mass splitting. The MINOS experiment will look for this v, appearance
in the near future. Its sensitivity to #;3 is shown in figure 2.9 (as a function of &
which will be discussed in section 2.12).

The Nova and T2K experiments discussed above will additionally search for
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Figure 2.9: The predicted sensitivity of MINOS to the mixing angle 63, depend-

ing on the sign of Am?Z_ (see legend). The sensitivity is also a function of the

CP violating phase § (see section 2.12). The current limit from the Chooz exper-
iment [111] is shown (black dotted line) for reference.

0,3 through the 1, appearance channel. Reactor experiments are also planned
to look through the v, disappearance channel following the Chooz model. These
include Double Chooz [113] and Daya Bay [114], which have the ability to place
90% c.l. upper limits on sin®(26;3) of 0.025 and 0.01 respectively (or to make a

positive measurement).

2.9 CP Violation

2.9.1 C Violation

The operation of charge conjugation (given the symbol C) involves swapping all
particles for antiparticles. The discovery of the preferred helicity of the neutrino
by Goldhaber, as well as being an expression of parity (P) violation, also demon-

strates C violation. All neutrinos are found to be left handed whilst antineutrinos
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are right handed. Under charge conjugation, this situation reads as all neutrinos
being right handed and antineutrinos left handed: precisely what is not observed

in nature.

2.9.2 (P Conjugation

Interpretation of the Goldhaber results suggests nature may still be symmetric
following the application of C followed by P, or CP. A left handed neutrino under
C becomes a left handed antineutrino. Applying P transforms this to a right

handed antineutrino: the observed manifestation.

2.9.3 The Discovery of CP Violation

The neutral kaon system gave an opportunity for the conservation of CP to be

tested. The neutral kaons are not themselves CP eigenstates:
cPIK’) = |K")  cP|R") = |K).
However, CP eigenstates can be constructed:

K1) = == (1K) +[F")) CP K = |K0)

1) = = (|5 - [&°)) CP[Ky) = ~|K2)

S

Two kaon decay modes were observed, into two CP eigenstates:

Ky — 2m, lifetime = (0.8953 4 0.0005) x 107% s,

Ky — 3, lifetime = (5.114 £ 0.021) x 107% s,

the 37 mode having the longer lifetime due to the smaller phase space.
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In 1964, James Cronin and Val Fitch allowed a beam of kaons to propagate for
a distance long enough to ensure they were all of the Ky variety. Measuring the
energies of two of the pions from the decays of the remaining kaons should give the
continuous energy distribution characteristic of a three-body decay. However, a
peak of excess events at the maximum possible energy (corresponding to the kaon
mass) was observed, signifying a small number of two-body decays. This showed
that some of the CP = —1 particles had decayed through the CP = +1 channel:

direct evidence for CP violation [115].

2.10 CP7T Invariance

A further observation can be introduced: that of time reversal, 7. It is a fun-
damental result from quantum field theory that nature must be invariant under
the combined operation CP7 (provided nature obeys locality and unitarity, and
is Lorentz invariant) [116].

CPT invariance implies the masses and lifetimes of particles and antiparticles
must be equal. The best test comes from the mass difference between the K° and

K. The current limit is [58]

m — M~
Jmaco = mae] <107 (90% c.l.).

maverage

2.11 7 Invariance

As CP is violated, a corresponding violation of 7 is required to maintain CP7T
conservation. The CPLEAR experiment observed a difference between the oscil-
lation rates K0 — K- and K — K° which they claimed was a direct observation
of 7 violation [117]. It has been questioned whether this is indeed a direct ob-

servation [118], but is still viewed as such by many (for example [119] in which



2.12 CP Violation in the Neutrino Sector 41

the level of 7 observed is judged of the correct level to be consistent with CP7T
invariance).

An observation of the electric dipole moment (EDM) of the neutron would
be evidence of 7 violation. The only preferred direction for a neutron is the
direction of its spin. The EDM must therefore be aligned (or anti-aligned) with this
direction. Upon time reversal, the spin changes direction but an EDM would not,
creating a different state of the neutron. The standard model predicts (from CP
violating weak interaction effects) an EDM of O(1073'e cm) (e = —1.6 x 1071 C).
Theories of physics beyond the standard model can bring this prediction up to
O(107%e cm) [120]. The current world limit on the measured neutron EDM is

< 2.9 x 107%e cm at 90% c.1. [121].

2.12 (CP Violation in the Neutrino Sector

If CP is violated then, assuming CP7 conservation, 7 is violated. Applying the

T operator to neutrino oscillations,

T (va — vg) = (Vg = Va)-

To calculate the effect of this transformation on the oscillation probability, o and
[ should be exchanged in equation 2.3. This has the effect of changing the sign of
the Jm term in that equation. Taking the complex conjugate of the PMNS matrix
U has exactly the same effect on equation 2.3 and the only effect this has on U is
to change the sign of the phase §: hence ¢§ is known as the CP violating phase.
Detecting C'P violation in neutrino oscillations involves making a measurement
of . However, equation 2.2 shows that ¢ only ever appears multiplied by sin 6;3.
Section 2.8.3 discussed the experimental data showing that 63 is very small. §

can only be observed if a non-zero 6,3 is observed.
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Looking at equation 2.3 in the case of a disappearance measurement (setting
B = «a) shows that only the modulus squared of PMNS matrix elements appear
in the disappearance probability. Thus ¢ does not appear, so CP violation cannot
be observed in disappearance experiments such as Double Chooz and Daya Bay.
This is not true for appearance experiments. The action of CP on appearance
oscillations is (notating neutrino helicity with a subscript L, R for (left,right)-

handedness)

CP(VmL — Vg,L) = C(VQ,R — Vg,R)

= (Ua,r — UsR),

expressed in the oscillation model by the transformation U — U* (or 6 — —0).
Thus CP violation can be observed by looking for differences between the v, —
v and 7,, — U, oscillation probabilities. The Nova experiment may make this
measurement.

This coupling of #;3 with ¢ in the v, appearance case explains why, in sec-

tion 2.8.3, limits on ;3 from such experiments were always given as a function of

J.

2.13 CP7T Violation in the Neutrino Sector

CPT violation would manifest itself in neutrino oscillations as differing mixing
angles or mass differences, 60;; or Am?j, between neutrinos and antineutrinos. No
such effect has yet been observed but the current limits, summarised in [122], are

weak.

Limits on the solar mixing parameters come from combining the solar neutrino
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data with the KamLAND antineutrino data, giving (at 30)

| sin? 65 — sin? 15| < 0.3,

|Am3, — Ams,| < 1.1 x 107* V2,

For the atmospheric mixing parameters, the limits come from a combination
of the MINOS neutrino data, and the Super-Kamiokande data which is a mixture
of neutrino and antineutrino data, but dominated by the neutrinos due to their
higher cross section. The resulting limits are (at 30)

51203 — sin? O3] < 0.45, |Am?,  — AT>

atm atm

| <1x1072 eV2

The limit on ;5 comes from the CHOOZ experiment, and that on 6,5 from a

combination of the solar and atmospheric regime neutrino data:

| sin? 6,3 — sin” ;3] < 0.3,

again at 3o.

The MINOS detector has already produced limits on CP7 violation using
atmospheric neutrinos [123]. These limits on the atmospheric mass difference,
which are very weak, are shown in figure 2.10 and assume maximal mixing (i.e.
sin?(2643) = 1). The current world limits on this mass difference, which will be
further investigated in this thesis, are presented graphically in [124], the graph

reproduced in figure 2.11. The allowed values for Am?2,_ cover more than an

atm

order of magnitude at 90% c.l..
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Figure 2.10: The limits on a difference between Am?2,_ and Am?2,  set by analysis
of atmospheric neutrinos in the MINOS far detector. The red line is the 90% c.1.,
the green line the 68% c.l.. Figure taken from [123].
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2.14 Looking for CP7 Violation with MINOS

MINOS is a v, disappearance experiment. In such an experiment the action of 7°

leaves the physical situation unchanged:
T (v — vp) = Wu = v).

The mathematical formulism describing the two situations is therefore identical. In
order for CP7T to be conserved CP violation cannot manifest itself, as 7 violation

has no effect so cannot re-establish any symmetries broken by CP:

C/PT(VML — Vu,L) = CP(VML — VM,L)
= C(Vyr = Vur)

Hence any observation of difference in the disappearance rates
P(v, — ) # P, — 7,)

appearing, at first sight, to be merely evidence of C'P violation would, in fact, be

direct evidence of CP7T violation. This measurement will be made in this thesis.

2.15 Sterile Neutrinos

The measurement of the Z width (section 2.6) showed that only three flavours of
light neutrino exist which couple through the weak neutral current. However the
possibility remains that there is a fourth (or even more) flavour of sterile neutrino,
which feels no weak interactions. This would be visible through its effect on the

oscillations of the three active neutrino types: the PMNS matrix can be generalised



2.15 Sterile Neutrinos 46

to any number of generations and the logic of section 2.7.1 follows accordingly.

Results implying a fourth set of neutrino flavour and mass states were obtained
by the LSND collaboration in the late 1990s [125] and the corresponding oscilla-
tion parameter space is shown in figure 2.3. They come from an observation of
v, — U, appearance and are consistent with a fourth mass splitting in the region
0.2-10 eV?.

However, a number of other experiments have ruled out much of the param-
eter space favoured by LSND (again shown in figure 2.3), most notably Mini-
BooNE [126] who have ruled out a large area of the LSND region. Yet MiniBooNE
looked for v, — v, transitions, meaning the LSND signal could be explained
through a CP violating effect (particularly if more than one sterile neutrino is in-
troduced). MiniBooNE plans to release the corresponding antineutrino results in
the next few years. Additionally, MiniBooNE observed an excess of v.-like events
at low energies (outside the LSND region) which is not yet explained (it could be a
systematic effect, such as an unexpectedly high background from 7% decays). The
recently proposed MicroBooNE experiment [127] aims to investigate this region
using liquid Argon technology.

Without a direct observation of v, appearance, atmospheric neutrino oscilla-
tions could involve a sterile component: v, — v5. The Super-Kamiokande collab-
oration have disfavoured pure v, — vy transitions [128, 108], and placed a limit
on a fractional sterile component in the v, disappearance process [129]: expressed
through the sterile mixing angle ¢, the limit is sin® ¢ < 0.19 (90% c.l.).

MINOS has also produced limit on sterile neutrinos [130], making a comparison
of the observed spectrum of neutral current (NC) events to that expected over the

735 km baseline, as shown in figure 2.12. Below a measured® energy of 3 GeV a

3This measured energy has a low correlation with the true incoming neutrino energy as, in
these NC interactions, the outgoing neutrino can carry away a significant fraction of the event
energy which is never detected. The various event topologies observed in the MINOS detectors
are discussed in more detail in section 3.8.1.
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Figure 2.12: The spectrum of neutral current events (see section 3.8.1) observed
at the MINOS far detector (black), with the expectation in the case of no sterile
neutrino flavours assuming 63 = 0 (red) and 603 at the Chooz upper limit (blue).
The red shaded area shows the systematic error on the prediction. The expected
charged current background is shown in pink.

small deficit at the level of 1.15 ¢ is observed. This can be interpreted in terms of
oscillations to sterile neutrinos, which would cause a deficit in the NC interaction
rate as sterile neutrinos do not interact through the weak neutral current. Such

an interpretation can be quantified as a disappearance fraction, f, of these events

compared with the expectation:
f=0.15"13.

This statistically limited result gives no conclusive indication of a sterile neutrino

component; further measurements will be made as the exposure increases.

2.16 Absolute Neutrino Mass

Neutrino oscillation experiments have given values for the squared mass differences

between mass states, but cannot say anything about the absolute value of neutrino
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masses. The best limits on this come from looking at the shape of the endpoint
of the electron energy spectrum from tritium (-decay (similar to Fermi’s original
estimate of neutrino mass [16, 17]). As these experiments look at electron neutrinos
they do not measure directly a mass state and instead measure a combination of
the mass states: m3 = Y, |Uql*m;, (in the tritium case corresponding to the
antineutrino). The current world average limit is mg < 2 eV at 90% c.l. [58]

(antineutrinos).

2.17 Majorana or Dirac Neutrinos?

Another question is the nature of the neutrino-antineutrino relationship. In the
standard model, all particles are Dirac particles: the particle and antiparticle are
distinct entities. This gives no explanation of the lack of coupling of the weak
interaction to right handed neutrinos (and left handed antineutrinos). However
a neutral fermion may also be a Majorana particle, in which case there is no
distinction between particle and antiparticle. In this model, the right handed
neutrino is in fact what we interpret as the right handed antineutrino, and thus
does couple to the weak interaction.

This leaves open the possibility for a neutrinoless double (-decay process
nn — e p(Ve — ve)n — € pe p.

This process has not yet been observed, except for one positive claim [131] which

is yet to gain wide acceptance in the neutrino physics community.

2.18 v, — v, Transitions in MINOS

A second process looked for in this thesis is that of v, — 7, transitions. The

process is similar to Pontecorvo’s original oscillation model [61, 62] but the lepton
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number violation required by that theory has been ruled out. There is no positive
experimental evidence for this process, and no standard theoretical models which
suggest it should happen. The v,,7, equivalence permitted by the Majorana
theory does not alone allow this process as a spin-flip is required for a neutrino
to exhibit its antineutrino characteristics; the neutrino mass is too small for this
spin-flip to occur at an observable level. Through whatever process the neutrino
becomes an antineutrino, a V' 4+ A component of the weak charged current would
additionally be required for the resulting left-handed 7, to interact.

Limits have been placed on v — 7 transitions by previous experiments, through
different channels and in different regions of oscillation parameter space from those
investigated in this thesis. In 1982 limits were set, using the BEBC bubble chamber
in the CERN SPS neutrino beam, of v, — 7, and v, — 7, transitions [132]
through searches for 7, appearance. Working with neutrino energies starting from
10 GeV, with a mean v, energy of 46 GeV, and a baseline of 825 m, limits were
set of P(v, — 7,) <3 x 1072 and P(v, — v.) <5 x 107* (both at 90% c.1.).

In 1993, the E645 experiment at the Los Alamos Meson Physics Facility
(LAMPF) placed limits on 7, appearance from a beam consisting of v, 7, and v,
of energies below 55 MeV with a baseline of 26.6 m [133]. They detected 8.3 +3.4
7, events, consistent with the expected non-oscillation, non-transition background
of 5.24+0.5 events. In the case of 100% v,, — 7, transitions, 925.0 +83.0 T, events
were expected; for 100% v, — 7, transitions, 587.0+55.0 7, events were expected.

MINOS has already measured the spectrum of v, events which are missing,
attributed to oscillations, after travelling 735 km. It is these missing events which
are the potential source of 7, appearance. These missing events fall primarily at
energies below 10 GeV; therefore for this analysis a measurement of the event rate
in this region will be made in comparison to the expectation in the case of CPT

= Am?

conservation (Am? 2 )

atm



Chapter 3

The MINOS Experiment

3.1 Neutrino Physics with MINOS

The MINOS experiment uses the world’s most intense neutrino beam (the NuMI
beam) to investigate the phenomenon of neutrino oscillations.

The beam of primarily muon neutrinos is produced at the Fermi National
Accelerator Laboratory (FNAL) in Chicago, USA. 1 km downstream from the be-
ginning of the neutrino production area is the MINOS near detector, which makes
precise measurements of the neutrino beam before oscillations occur. 735 km
downstream from the neutrino production area is the MINOS far detector, located
in the Soudan Underground Laboratory, northern Minnesota. This measures the
neutrino beam after oscillations have taken place; and by a comparison of the neu-
trino energy spectra at the two detectors a precision measurement of the neutrino

oscillation parameters can be made.

3.1.1 v, Disappearance

The goal of the MINOS experiment is to measure the atmospheric neutrino mass

difference, Am?__, to an accuracy of at least 10%; and furthermore put limits

atm?

on the atmospheric mixing angle sin?(26,3) (projected sensitivities were shown in

50
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Figure 3.1: The most recently published MINOS v, disappearance measurement.
The left graph shows the far detector v, energy spectrum. The black line is the
predicted spectrum in the case of no oscillations. The black dots show the data.
The red line is the prediction with oscillations applied, using oscillation parameters
that give the best fit to the data. The right graph shows the ratio of the data to
the unoscillated prediction (black dots) and the ratio of the prediction with best
fit oscillations to the unoscillated prediction (red dots).

figure 2.8). This is done through the observation of v, disappearance.

Figure 3.1 shows the most recently published v, disappearance measurement
made by MINOS. The measured near detector v, energy spectrum allows a pre-
dicted far detector spectrum to be calculated, in the case of no oscillations (black
line). The v, spectrum at the far detector is measured (black dots) and a deficit in
the number of events is observed. The far detector prediction can have oscillations
applied, to obtain a best fit to the data (red line).

The connection between the MINOS data and the oscillation parameters is
more clearly shown by the right hand plot in figure 3.1. This ratio of the measured
v, far detector spectrum to the prediction with no oscillations is equivalent to a
measurement of the v, survival probability P(v, — v,). The theoretical form of
this probability from the two-flavour oscillation model (equation 2.4) is shown in
figure 3.2. A characteristic dip is seen (here at ~ 1.5 GeV), corresponding to that
seen in the MINOS data. The depth of this dip is governed by sin?(2643) and the
energy at the dip by Am? (Below the dip the energy resolution of MINOS is

atm-

too low to resolve the individual oscillation dips so an averaged disappearance is
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Figure 3.2: The v, survival probability in the two-flavour model (equation 2.4)

as a function of neutrino energy. The oscillation parameter Am?2,  governs the

position of the dip, and the parameter sin?(26,3) governs the depth of the dip.

observed; see equation 2.5.)

3.1.2 A Two-Detector Experiment

The two-detector arrangement allows the reduction of systematic effects. Many
systematic uncertainties affect both detectors in similar ways (for example uncer-
tainties in neutrino cross sections or in the NuMI beam spectrum). Use of the near
detector to predict the far detector spectrum allows these effects to be corrected

for in that prediction.

3.1.3 Further Physics Potential of MINOS

Other physics measurements accessible to MINOS have been discussed in chap-
ter 2. A measurement of v, appearance at the far detector can give information
about the mixing angle 63 (section 2.8.3; see figure 2.9 for the MINOS sensitivity).
Through an observation of neutral current neutrino interactions (see section 3.8.1)
a limit can be put on the existence of sterile neutrinos (section 2.15 and figure 2.12).
Measurements of the beam in the near detector can be used to make neutrino cross

section measurements.
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This thesis will focus primarily on observations of antineutrinos relating to
the NuMI beam. The MINOS detectors are magnetised, enabling neutrinos and
antineutrinos to be separated through their CC interactions: the charge of the
lepton produced (see figure 2.1) can be identified and used to tag the neutrino
type. The beam contains a 6% 7, background. An analysis similar to the v,
disappearance analysis discussed above can be performed on these neutrinos to
provide a measurement of the antineutrino oscillation parameters and a resulting
limit on CP7 violation. A search for an appearance of antineutrinos at the far
detector, above the beam background, can be made as a search for the process
Vy — V.

The detectors are also able to look at cosmic neutrinos, again separating neu-
trinos from antineutrinos using the magnetic field. A measurement of neutrino
oscillation parameters from these has already been published [134] and the v, /7,
separation potential used to provide a limit on CP7 violation [135, 123].

Observations of cosmic muons are also possible: for example a measurement
of the u™ to p~ ratio has been made [136] along with measurements of seasonal

variations in the cosmic muon rate [137].

3.2 The NuMI Neutrino Beam

The 0.4 MW NuMI beam uses protons at 120 GeV from the FNAL Main Injector
(MI). They are directed downwards by 3.3°: directly towards the far detector.
The protons strike a segmented, water-cooled, graphite target (consisting of 47
segments with a total thickness of 1.9 nuclear interaction lengths) producing a
spray of hadrons. Prior to the target the proton beam passes through a graphite
baffle, a 150 cm-long rod with an 11 mm radius central aperture, which reduces
(by 95.5%) the intensity of any badly-focused protons in order to protect the

downstream components. The NuMI beamline is illustrated in figure 3.3 and
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Figure 3.3: The components of the NuMI beamline. 120 GeV protons from the
FNAL Main Injector enter from the left hand side. Figure taken from [139].

more details can be found in [138, 139].

After the target the beam passes through two magnetic focusing horns (each
producing a toroidal field about an axis in the beam direction), the first of which
the target is mounted inside the mouth of, the second being 10 m downstream.
These are magnetised in such a way as to focus mesons which will produce muon
neutrinos: primarily positive pions and kaons through 7+/K* — pfv,. (It is
possible to reverse the magnetic field to enable a 7, beam to be produced.) The
focused mesons then travel down a 675 m decay pipe to allow the decay to neu-
trinos to take place. For the first two years of running (for all data analysed in
this thesis), this decay pipe was evacuated (down to a few thousandths of an at-
mosphere). For future running the decay pipe will be filled with helium at close
to atmospheric pressure as the strength of the upstream end of the decay pipe has
been compromised by the acidic conditions created by the beam, raising concerns
of implosion. After the decay pipe, an aluminium, steel and concrete beam ab-
sorber stops all remaining hadrons. There is then 300 m of rock before the near
detector which is enough to stop any remaining particles (primarily muons) other
than neutrinos.

The MI provides protons in a series of pulses or spills which can come as often
as every 1.9 s. These spills consist of six batches of protons; MINOS receives

either five or six batches (the remaining batch going to produce antiprotons for
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Figure 3.4: Three possible configurations of the NuMI beam (low, medium and
high energy: LE, ME and HE). The relative target and focusing horn positions
are shown on the left and the corresponding v, energy spectra on the right.

the Tevatron). The NuMI focusing horns are pulsed in coincidence with the arrival
of these spills, reaching a peak magnetic field in the region of 3 T. The typical
number of protons in a six-batch spill is 2.5 x 10'3 (recent work has lead to the
possibility that this will increase to around 4 x 10'3).

The neutrino energy spectrum provided by the NuMI beam is tunable, through
changing the relative positions of targets and horns. Three of these configurations
and their energy spectra are shown in figure 3.4. The main aim of MINOS is to
measure accurately the position of the oscillation dip of figure 3.2. This dip falls
in the region of 2 GeV, thus the low energy (LE) configuration of figure 3.4 has
been chosen to maximise statistics in this region. The configuration actually used
is a variant on this LE configuration. Moving the target 10 cm further upstream
and running the horns at a lower current (185 kA rather than 200 kA) was found
to give a higher flux in the energy region of interest. This is known as the LFE-10
configuration and was used to obtain the data analysed in this thesis.

The composition of the LE-10 beam is shown in figure 3.5 (in terms of the
number of CC interactions in the near detector). There is a background of 6%

7, events and 0.4% (v, + 7.) events. The 7, events arise mainly from the decay
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Figure 3.5: The spectra of CC neutrino interactions in the near detector in the
LE-10 beam configuration arising from the various neutrino flavours in the beam.
of wrong-sign pions and kaons which pass straight along the axis of the horns,
allowing little focusing. This effect is bigger at higher energies as the horns cannot
as easily focus the high-energy hadrons. A small contribution also comes from

muon decay.

3.3 The MINOS Detectors

3.3.1 Overview

For reasons discussed in section 3.1.2, the two MINOS detectors are designed to be
as functionally similar as possible. Both detectors are steel-scintillator calorime-
ters, consisting of alternate layers of steel and scintillator. Detailed accounts of
the detectors can be found in [140].

The near detector lies 110 m below ground. The neutrino beam at this point is
intense enough that each proton spill yields of the order ten neutrino interactions
in the detector’s 980 tonnes. The far detector is located 705 m underground and
sees only about of three neutrino interactions per day in the much larger detector

mass of 5,400 tonnes. The detectors are shown in figure 3.6.
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Figure 3.6: The MINOS near (left) and far (right) detectors.
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Figure 3.7: A schematic of a MINOS detector showing the scintillator strips and
the darker steel planes.

Far Detector

The far detector is an octagonal prism of width 8 m, consisting of 484 octagonal
steel planes, alternated with planes of scintillator strips (figure 3.7). The scintil-
lator strips are mounted on the upstream face of each steel strip. The far detector
is split into two supermodules of 249 and 237 planes, separated by an air gap of
~ 1.2 m. No scintillator is mounted on the front plane of each supermodule. The
steel planes are 2.56 cm thick, the scintillator planes 1 cm thick. An air gap takes
the total plane separation up to 5.95 cm. Running through a hole along the centre
of the detector are coils of current-carrying cable (looping back around the outside
of the detector) to create a cylindrical magnetic field of ~ 1.3 T in the direction
shown in figure 3.7.

The scintillator planes are made up of 4 cm-wide strips. The strips on adjacent
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planes are oriented perpendicular to each other (see figure 3.7) to allow three-
dimensional reconstruction of events.

The planes are oriented at 45° to the vertical, defining a co-ordinate system
referred to as the u and v directions. An alternative co-ordinate system defines
the horizontal direction as x and the vertical direction as y (this latter system will
be primarily used in this thesis). The beam direction is always labelled z.

The detector was designed to study muons produced in CC v, interactions,
hence the steel thickness chosen. A 2 GeV muon will travel of the order of 3 m or
50 planes through the detector. The octagonal shape was chosen to most closely

resemble a cylinder within a design involving easy to manufacture steel sheets.

Near Detector

Whilst maintaining the same pattern and thickness of steel and scintillator sheets,
the near detector differs from the far detector in ways allowed by its proximity to
the beam production point. The high interaction rate means much less detector is
required. The shape is that of a squashed octagon (4.8 m by 3.8 m, see figure 3.8),
the coil hole off-centre. The beam axis is displaced 1.48 m horizontally from the
coil, in a region where the magnetic field is similar to that in the far detector, so
as to limit the number of events depositing energy in the hole.

The detector consists of 282 steel planes. All of the front 120 planes (except
the first) have scintillator mounted on them. Of these, every fifth plane is fully
covered with scintillator; the rest have only a smaller region around the beam axis
covered (see figure 3.8). Of the remaining planes, every fifth plane is fully covered
with scintillator, the rest having no scintillator at all.

The detector is designed such that the front, highly instrumented part is to be
used for hadronic shower energy measurements, whilst the back, partially instru-

mented part, is purely for muon tracking.
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Figure 3.8: A near detector plane. The grey area is covered with scintillator
in the partially