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ABSTRACT

The T2K (“Tokai-to-Kamioka”) Experiment is a long-baseline neutrino oscillation

experiment. A beam of primarily muon neutrinos (in neutrino beam mode) or antineu-

trinos (in antineutrino beam mode) is produced at the J-PARC (“Japan Proton Accel-

erator Research Complex”) facility. The near detector (ND280), located 280 m from

the proton beam target, measures a large event rate of neutrino interactions in the

unoscillated beam, while the far detector, Super-Kamiokande, 295 km away, searches

for the signatures of neutrino oscillation. This dissertation describes the analyses of

data at ND280 and Super-Kamiokande leading to T2K’s first results from running in

antineutrino beam mode: a measurement of muon antineutrino disappearance. The

measured values of the antineutrino oscillation parameters (Normal Hierarchy) are

(sin2(θ̄23), |∆m̄2
32|) = (0.450, 2.518 × 10−3 eV2/c4), with 90% 1D confidence intervals

0.327 < sin2(θ̄23) < 0.692 and 2.03 × 10−3 eV2/c4 < |∆m̄2
32| < 2.92 × 10−3 eV2/c4.

These results are consistent with past measurements of these parameters by other

experiments, and with T2K’s past measurements of muon neutrinos.
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Chapter 1

Introduction

The measurement of muon antineutrino disappearance in the T2K (“Tokai-to-Kamioka”)

Experiment is built upon a long history of research into the neutrino, spanning much

of the development of our current understanding of particle physics. In Chapter 2,

an overview of this history is given, including the observed anomalies that were the

first experimental indications of neutrino oscillation. Subsequently, the interaction of

neutrinos with matter is discussed in more detail, the Quantum Mechanical formal-

ism behind neutrino oscillation is introduced, and the current status of the field is

summarized.

In Chapter 3, the experimental apparatus of T2K is described, including the

proton accelerators of J-PARC and the neutrino beamline, the near detector ND280,

and the far detector Super-Kamiokande. This is followed by a more detailed discussion

in Chapter 4 of the operating principles and subsystems of the TPCs (Time Projection

Chambers), a crucial subdetector of ND280.

With the experimental apparatus sufficiently well described, Chapter 5 details

the selection of neutrino and antineutrino interactions for study at ND280. It also

describes the sources of systematic uncertainty in the model of the detector, and how

they are modelled. How this ND280 data is used to measure neutrino beam flux and

cross section model parameters will be discussed in Chapter 6, and how these model

parameters are combined with Super-Kamiokande data to perform the measurement

of muon antineutrino disappearance will be discussed in Chapter 7. This dissertation

concludes in Chapter 8.

There is a quick note to make on terminology. Neutrinos and antineutrinos are

often referred to collectively as neutrinos. This dissertation uses this convention,

making a distinction between neutrinos and antineutrinos as needed.
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Chapter 2

Neutrino Physics

From their first postulation to explain a dramatic difference between theory and ex-

perimental observations, neutrinos have provided many mysteries for experimentalists

to probe. This chapter reviews the history of neutrinos and neutrino oscillation to

present day, along with the mathematical formalism describing it. It also describes

the interactions of neutrinos with matter, and the various complications that arise in

nuclei with more than one nucleon.

2.1 A brief history of neutrinos

2.1.1 How do you solve a problem like β-decay?

The earliest measurements in particle physics studied radioactivity. One of the ra-

dioactive processes was termed “β-decay”, due to the outgoing “β-ray” (which we

now know as the electron.) Circa 1930, in this process a nucleus A was understood

to decay into another nucleus B, as shown in Equation 2.1.

A→ B + e− (2.1)

However, this theoretical understanding of β-decay had a problem. Conservation

of momentum and conservation of energy, two of the basic laws of physics to this day,

require that the energy of the outgoing electron be a constant value determined by

the masses of A, B, and the electron, as shown in Equation 2.2 [60].

E =

(
m2
A −m2

B +m2
e

2mA

)
c2 (2.2)
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Instead, the experimental observations of the electron energy provided a broad

spectrum of lower energies, as depicted in Figure 2.1. The laws of conservation of

momentum and energy had apparently been broken. In 1930, Wolfgang Pauli pro-
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Figure 2.1: The shape of the energy spectrum for the electron from β-decay of tritium
(3

1H), compared to the constant value expected for a two-body β-decay as described
by Equation 2.1. This plot was generated using equations and information from [72],
and information from [83] and [79].

posed that if a light neutral particle were also produced in β-decay, then the observed

electron energy spectrum would be consistent with the conservation of momentum

and energy. He called this particle the “neutron.” The particle we know today as the

neutron was discovered in 1932 by Chadwick, and is too massive to be the particle

proposed by Pauli. However, in 1933 Enrico Fermi presented a new theory of β-decay,

successfully incorporating Pauli’s neutral particle. Its name is originally attributed to

Edoardo Amaldi, during a humourous conversation at the Istituto di Via Panisperna

in relation to Pauli’s “light neutron”. Amaldi made a funny and grammatically incor-

rect contraction of “little neutron” (neutronino) to devise the term “neutrino”, which

Fermi went on to popularize internationally (see note 277 of [19]). Fermi’s theory with

the neutrino, denoted by the Greek letter ν, gave the description of β-decay shown in

Equation 2.3, (where the neutron n is confined in the nucleus A, and the proton p is
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confined in the nucleus B) which is close to our current understanding of the process

(though further advances in particle physics change the picture somewhat, as will be

described later in this section.)

n→ p+ e− + ν (2.3)

2.1.2 More evidence from cosmic rays

An additional source of radioactivity that made up some of the earliest particle physics

measurements are cosmic rays. Today, cosmic rays are understood to be high energy

charged particles, originating in astrophysical processes outside the solar system.

These can range from protons (the most common) to larger ions. The cosmic rays

interact with molecules in the upper atmosphere, producing showers of secondary

particles. Some of these particles (or their decay products) make it down to produce

the studied source of radioactivity at ground level, with more radioactivity observed

at higher altitudes.

Since cosmic ray muons can reach ground-level, the muon had been well-studied.

As in β-decay, its decay did not produce a monoenergetic electron, so more than one

additional neutral particle had to be involved in the decay. Muon decay was therefore

thought to proceed by the process shown in Equation 2.4.

µ→ e+ 2ν (2.4)

In the late 1940s, C.F. Powell performed an experiment on a mountaintop, using

photographic emulsion to observe the tracks produced by charged particles involved in

cosmic ray processes. The ionization produced by the charged particle would expose

the emulsion along the particle’s track. By observing the tracks of the particles, how

they interacted in the emulsion, and how they decayed, the nature of cosmic rays

could be studied. These observations showed clear evidence for another secondary

cosmic ray particle (which we now know as the pion, π), which decays into a muon.

Conservation of momentum required that another particle be produced in this decay,

which had to be neutral since it did not leave a track in the emulsion. It was thus

natural to postulate the π decay given in Equation 2.5.

π → µ+ ν (2.5)
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Therefore, by the end of the 1940s, there was increasing theoretical motivation for

a ghostly light neutral particle to be produced in decays, be they of the muon, pion,

or unstable nuclei. However, in order for the neutrino to be anything more than an

interesting idea, it would need to be observed.

2.1.3 Neutrinos, antineutrinos, and the first observation

In 1953, Konopinski and Mahmoud [71] introduced the concept behind what would

later be called lepton number. Subsequently, the electron, muon, and neutrino were

assigned a lepton number of +1, and the positron, positive muon, and antineutrino

were assigned a lepton number of −1. The requirement that lepton number be con-

served in particle interactions meant that the “neutrino” of β-decay was in fact an

antineutrino, denoted ν̄. Thus moving the understanding of the β-decay process

(Equation 2.3) to that shown in Equation 2.6, which is closer to today’s understand-

ing of the process.

n→ p+ e− + ν̄ (2.6)

By the 1950s, the neutrino was understood to have a low probability of interaction

with matter (a small cross section). Therefore, a large detector or an intense source

of neutrinos or antineutrinos was required in order to make a statistically significant

observation in a timely fashion. At this time, nuclear reactors were available, and

were predicted by theorists to be the most intense sources of antineutrinos avail-

able. Particle theory also allowed a process called “inverse beta decay”, shown in

Equation 2.7.

ν̄ + p→ e+ + n (2.7)

Given this information, Reines and Cowan built a detector near the Savannah River

nuclear reactor in South Carolina, which provided an antineutrino flux at the de-

tector of 1.2 × 1013/cm2/sec [85]. This detector contained water doped with CdCl2,

which was instrumented with scintillator coupled to photomultiplier tubes. (Scintil-

lator and photomultiplier tubes are described in the context of their inclusion in the

T2K apparatus in Chapter 3). This experimental setup made them sensitive to light

produced inside their detector volume. A neutrino interaction would produce light in

their detector in two ways:

1. The positron produced in the neutrino interaction would quickly annihilate with

an electron in the water, producing light via e+ + e− → 2γ.
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2. The neutron produced in the neutrino interaction would capture on a cadmium

nucleus, producing an excited state that would decay down through emission of

a photon. Using one of the relatively abundant naturally occurring cadmium

isotopes as an example, n+ 113Cd→ 114Cd ∗ → 114Cd + γ.

Since neutron capture is a slower process than positron annihilation, this produces

a characteristic delayed coincidence signal that the experiment looked for. They

ultimately observed 2-3 events per hour when the reactor was running, thus confirming

the existence of the neutrino in 1956 [46, 86].

2.1.4 More neutrinos, and detection of the muon and tau

neutrinos

Subdivision of lepton number

Alas, the theory of lepton number conservation posed a problem. The reigning idea

in particle physics at the time, attributed to Murray Gell-Mann (discussed in the

footnote of his 1956 paper [58] on p. 859), was that “anything that is not compulsory

is forbidden.” Namely, if a process is not observed to occur, it should be forbidden by

a conservation law. So although the theory of lepton number explained the observed

muon decay of µ→ e + ν + ν̄, it also allowed the decay µ→ e + γ, which has never

been observed. The latter process therefore appeared to be forbidden by nature, but

was not forbidden by the existing theory of lepton number.

In the late 1950s and early 1960s, the solution to this problem was proposed: to

subdivide lepton number amongst the lepton flavours. In this scheme, the electron

had a corresponding electron neutrino (both of electron number +1) and the muon

had a corresponding muon neutrino (both of muon number +1), with corresponding

antimatter particles with opposite sign lepton numbers. Under this theory, µ→ e+γ

is forbidden, as it does not preserve electron number and muon number. Conservation

of lepton number gives the observed muon decays of Equation 2.9 and Equation 2.8.

µ− → e− + νµ + ν̄e (2.8)

µ+ → e+ + ν̄µ + νe (2.9)

In addition, the pion decays became as shown in Equation 2.10, and Equation 2.11.
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π+ → µ+ + νµ (2.10)

π− → µ− + ν̄µ (2.11)

Similarly, this brings us to our current understanding of β-decay, shown in Equa-

tion 2.12.

n→ p+ e− + ν̄e (2.12)

Experimental attentions therefore were directed towards testing this theory by

determining whether there is in fact a muon neutrino that is different from the electron

neutrino, by observing how they interact.

Discovery of the muon neutrino

As discussed in Section 2.1.2, nature already provides a source of muon neutrinos and

muon antineutrinos, produced from cosmic rays. However, theoretical predictions and

the experience of Reines and Cowan with ν̄e established that neutrino cross sections

are small. Relying on naturally produced neutrinos for a definitive observation would

therefore require a very large detector or a long time period of data collection. In

addition, cosmic ray neutrinos would be a mixture of νµ, νe, ν̄µ and ν̄e, due to the

muon decays, making it difficult to definitively discern whether the neutrinos pro-

duced in pion decays are in fact different from the neutrinos observed by Reines and

Cowan. Thankfully, cosmic rays could be useful instead as inspiration for producing

muon neutrinos and antineutrinos artificially in the lab. By bringing protons up to

a sufficient energy in a particle accelerator and colliding them with a target, the lab

would contain a situation similar to that in the upper atmosphere with cosmic rays,

producing pions that decay into muons and muon neutrinos or antineutrinos.

Lederman, Schwartz, and Steinberger leveraged this technique at Brookhaven Na-

tional Laboratory. The protons were accelerated up to 15 GeV, and collided with

a beryllium target. This produced many π±, which decayed into muons and muon

neutrinos and antineutrinos travelling generally in the beam direction. A further

21 m from the target there was a 13.5 m thick iron shield wall, which would stop

the muons, preventing them from traversing the detector. Neutrinos produced in the

decays of these stopped muons would not be focussed in the beam direction, therefore

resulting in a much lower νe and ν̄e background compared to cosmic ray neutrinos.
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On the other side of the shield wall they used a detector technology called a spark

chamber. Their design consisted of an array of 10 1 ton modules, each containing

9 parallel aluminum plates, with a large voltage drop between them, separated by

a gas. When a charged particle passes through the gas, it ionizes the gas along its

track, allowing electricity to flow through along this track, producing a visible spark.

A muon could be identified by its ability to travel through several aluminum plates

without interacting, while an electron would not. Using this method, the observed

neutrino interactions were consistent with the neutrinos produced in pion decays

only interacting to produce muons (and not electrons). Therefore, these neutrinos

are of a different flavour than those observed by Reines and Cowan. The Lederman,

Schwartz, and Steinberger measurement of 1962 thus established the existence of the

muon neutrino [49].

Discovery of the tau neutrino

In 1975, Martin Lewis Perl and the SLAC-LBL group discovered [80] a new lepton,

the tau, denoted τ . As had been firmly established by this point with the electron

and the muon, this created a need for a corresponding tau neutrino, ντ .

To observe the ντ , the DONUT (Direct Observation of the NU Tau) experiment

directed the 800 GeV proton beam of the Tevatron at Fermilab towards a meter long

tungsten beam dump, from April to September 1997. This produced tau neutrinos

through the production of DS mesons, which decay via D+
S → τ+ + ντ . A detector

was placed 36 m downstream of the beam dump, and was capable of discriminating

between taus, muons, and electrons. In their result published in 2001 [70], they ana-

lyzed 203 neutrino interactions, and found 4 ντ events, with an expected background

of 0.34± 0.05 events, thus establishing the existence of the tau neutrino.

2.1.5 The picture today

Today, our understanding of particle physics is codified in the Standard Model, which

describes the set of fundamental particles, and the interactions between them. Up to

this point we have introduced the leptons, which are fermions (spin 1
2
) that exist in

three flavours: electron (e), muon (µ), and tau (τ), in matter and antimatter, with

a charged particle (negative for matter, positive for antimatter) and an associated

neutrino (matter) or antineutrino (antimatter). This gives us three neutrinos (νe, νµ,

and ντ ), and three antineutrinos (ν̄e, ν̄µ, and ν̄τ ).
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In addition, there are the quarks, also fermions, which also exist in 3 generations.

The up (u), charm (c), and top (t) quarks have a charge of +2
3
, while the down (d),

strange (s), and bottom (b) quarks have a charge of −1
3
. The antimatter versions of

each of these quarks has the opposite signed charge as its matter counterpart. The

up quark (u) and the down quark (d) are of particular importance, as they make up

protons (uud) and neutrons (udd), and thus the matter that one encounters in day to

day life (and most importantly to the work discussed in this dissertation, in detectors

in neutrino oscillation experiments.)

Also important are the gauge bosons, which are vector bosons (spin 1). These

act as “force carriers” in the Standard Model. The photon (γ) is responsible for the

electromagnetic force (e.g. the force exerted between two electrically charged objects).

The strong force (which holds quarks together, forming protons and neutrons for

example) is mediated by the gluon, g. The weak force, through which neutrinos

interact, is mediated by the W± and the Z0, both of which are described in more

detail in Section 2.2.

Finally, there is the Higgs Boson, a scalar boson (spin 0), which is an excitation

of the field that gives mass to particles. It has been the subject of considerable

experimental activity as of late. With the recent discovery of the Higgs Boson, all of

the fundamental particles of the Standard Model have been observed.

There are also three symmetries that are important to consider in relation to

Standard Model processes, which are relevant to the study of neutrinos.

1. Charge (C): A process conserves Charge symmetry if swapping matter with

antimatter (and vice versa) results in an equivalent process, with identical cross

section. The electromagnetic and strong interactions both conserve C.

2. Parity (P): A process conserves Parity symmetry if the transformation (x, y, z)→
(−x,−y,−z) results in an equivalent process, with identical cross section. The

electromagnetic and strong interactions both conserve P.

3. Time (T): An interaction conserves Time symmetry if the reverse process (i.e.

backwards in time) also occurs with identical cross section. The electromagnetic

and strong interactions both conserve T.

Notably absent from the list of interactions that conserve each of the above sym-

metries is the weak interaction. For both C and P, the most stark example of their

violation is the π+ decay, π+ → µ+ + νµ, and the π− decay, π− → µ− + ν̄µ. An
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application of the Charge operator as defined above would appear to convert one to

the other, but in fact it misses one important detail: the spin of the neutrino relative

to its direction (in the rest frame of the pion). The muon and the neutrino are both

spin 1
2

particles, giving them two possible spin values, ±1
2
, or “spin up” and “spin

down”, where the axis defining “up” and “down” can be chosen arbitarily. However,

the pion is a spin 0 particle, thereby constraining the muon and the neutrino to have

opposite spins, in order to conserve spin. In addition, the muon and the neutrino

must be emitted travelling in opposite directions in the pion’s rest frame, in order

to conserve momentum. It is therefore natural to define the axis of the spin as the

direction each particle is travelling in. If the spin is oriented “up” (in the same di-

rection as the particle is travelling), it is said to be “right-handed”, and if the spin

is oriented “down” (in the opposite direction as the particle is travelling) it is said

to be “left-handed”. Should Parity be a conserved symmetry of this interaction, one

would expect the neutrino to be left-handed and right-handed an equal amount of the

time. However, experiments (e.g. [28, 31]) measuring this property (helicity) show

a shocking departure from this expectation: the µ+ (and therefore the νµ) is always

left-handed, and the µ− (and therefore the ν̄µ) is always right-handed. Since a Charge

operation would convert the π+ decay into a π− decay with a left-handed ν̄µ (which

these results indicate does not to exist), Charge symmetry is also not conserved by

this interaction.

With this in mind, one can see, however, that the pion decay does indeed con-

serve the combined symmetry of C and P, denoted CP. However, CP violation in the

weak interaction has been observed (e.g. by [34]), and whether it occurs in neutrino

oscillations is currently an open question, as discussed in Section 2.3. CP violation

is a way in which nature could prefer matter over antimatter, possibly providing an

explanation for the observed matter-antimatter asymmetry of the universe.

A final combined symmetry to consider is that of Charge, Parity, and Time,

denoted CPT. The CPT Theorem states that CPT must always be conserved. The

requirement that CPT be conserved is fundamental to all of modern physics, to the

point where a prominent theorist noted that if a departure is ever found, “all hell

breaks loose”(p. 135 of [60]). This is therefore a topic of interest to experimentalists

(for example, in [27] and [17]), and the study of neutrino oscillation also provides an

opportunity to test the CPT Theorem, as discussed in Section 2.3.
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2.2 Neutrino interactions

In the Standard Model of particle physics, neutrinos only interact with matter through

the weak force. A weak interaction is mediated by one of two particles:

1. The Z boson: Denoted Z0, it is a neutral particle with mass 91.1876±0.0021 GeV/c2 [79].

Interactions mediated by the Z boson are referred to as Neutral Current (NC)

interactions.

2. The W boson: Is a charged particle, denoted W+ or W− depending on its

charge, and has mass 80.385± 0.015 GeV/c2 [79]. Interactions mediated by the

W boson are referred to as Charged Current (CC) interactions.

In Neutral Current interactions, a neutrino or antineutrino of any flavour transfers

energy and momentum to a quark or lepton of any flavour via a Z0, and the original

neutrino continues to exist.

Charged Current interactions for neutrinos and antineutrinos in normal matter

(i.e. u and d quarks and electrons) at the level of quarks and leptons are shown in

Table 2.1.

Neutrinos Antineutrinos
νe + e→ νe + e ν̄e + e→ ν̄e + e
ν` + d→ `− + u ν̄` + u→ `+ + d

Table 2.1: Charged Current interactions of neutrinos and antineutrinos with electrons
and u and d quarks. ` denotes an e, µ, or τ lepton.

Although these are the fundamental interactions allowed by the Standard Model,

in reality quarks are not free particles, but are bound in nucleons: the proton (uud)

and the neutron (udd). As a result, neutrino and antineutrino interactions with mat-

ter are classified into multiple categories. In addition, experiments typically involve

nuclei with more than one nucleon. This opens up additional processes, where a neu-

trino interacts with multiple nucleons, or even the entire nucleus. The interactions

relevant to this dissertation are shown in Table 2.2.

Of particular interest is the process called “Charged Current Quasi-Elastic” (“CCQE”).

As a Charged Current process, there is an outgoing charged lepton that can be de-

tected and identified in order to determine the neutrino flavour. Even more im-

portantly, the energy of the neutrino that interacted can be calculated (using Equa-
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Name Abbreviation Neutrinos Antineutrinos
CC Quasi-Elastic CCQE ν` + n→ `− + p ν̄` + p→ `+ + n

CC 2 particle 2 hole CC 2p-2h ν` + np→ `− + p+ p ν̄` + np→ `+ + n+ n
CC Resonant CCRES ν` + p→ `− + ∆++ → `− + p+ π+ ν̄` + n→ `+ + ∆− → `+ + n+ π−

Pion Production ν` + n→ `− + ∆+ → `− + p+ π0 ν̄` + p→ `+ + ∆0 → `+ + n+ π0

ν` + n→ `− + ∆+ → `− + n+ π+ ν̄` + p→ `+ + ∆0 → `+ + p+ π−

CC Coherent CCCOH ν` + A→ `− + A+ π+ ν̄` + A→ `+ + A+ π−

Pion Production (where A is a nucleus) (where A is a nucleus)
CC Other CC OTHER ν` + (n or p)→ `− + (n or p) + pions ν̄` + (n or p)→ `+ + (n or p) + pions

NC Resonant NCRES ν` + n→ ν` + ∆0 → ν` + n+ π0 ν̄` + n→ ν̄` + ∆0 → ν̄` + n+ π0

Pion Production ν` + p→ ν` + ∆+ → ν` + p+ π0 ν̄` + p→ ν̄` + ∆+ → ν̄` + p+ π0

ν` + n→ ν` + ∆0 → ν` + p+ π− ν̄` + n→ ν̄` + ∆0 → ν̄` + p+ π−

ν` + p→ ν` + ∆+ → ν` + n+ π+ ν̄` + p→ ν̄` + ∆+ → ν̄` + n+ π+

NC Other NC OTHER ν` + (n or p)→ ν` + (n or p) + pions ν̄` + (n or p)→ ν̄` + (n or p) + pions

Table 2.2: Interactions of neutrinos and antineutrinos most relevant to the work
discussed in this dissertation. ` denotes an e, µ, or τ lepton. CC abbreviates “Charged
Current” and NC abbreviates “Neutral Current”. The “Other” category captures
high energy neutrino interactions that produce multiple pions.

tion 2.13) from the momentum of the outgoing lepton, and the angle it made with the

path of the neutrino (which for a neutrino beam, for example, is pretty well known.)

Eν =
m2
p −m2

n −m2
` + 2mnE`

2(mn − E` + p`cosθ`)
(2.13)

In addition to the interaction processes on multiple nucleons (CC 2p-2h) or en-

tire nuclei (CCCOH) given in Table 2.2, neutrinos interacting with nucleons within

a larger nucleus poses some additional experimental problems. Although outgoing

leptons tend to easily escape nuclei without interacting, other particles (protons,

neutrons, and pions) may interact inside the nucleus, in a process called a Final

State Interaction (abbreviated “FSI”). Therefore, the particles leaving the nucleus

(i.e. those that an experiment could actually measure) may be different from those

produced in the original neutrino interaction. This adds an additional level of diffi-

culty to performing neutrino measurements, as, for example, a CCRES event could

be mis-identified as CCQE due to the pion being absorbed in the nucleus. If Equa-

tion 2.13 were then used to reconstruct the neutrino energy, the resulting energy

would be incorrect, and would distort the reconstructed neutrino energy spectrum.

Also problematic is the CC 2p-2h interaction type, which is only distinguishable from

CCQE by the kinemetics of the outgoing protons, which are both subject to FSI and

not typically observed (sufficiently precisely or at all) at T2K at both ND280 and

Super-Kamiokande. The neutrino interaction model therefore plays a crucial role in

neutrino experiments, as will be discussed in Chapters 5, 6, and 7.



13

2.3 Neutrino oscillation

In neutrino oscillation, one flavour of neutrino changes into another flavour of neu-

trino. This could result in some of the neutrinos having changed to a flavour that an

experiment’s measurement methods were not sensitive to, and thus fewer neutrinos

would be measured than expected (disappearance). Alternatively, given a source of

one flavour, neutrinos of another flavour can be observed (appearance). In this sec-

tion, the two main discrepancies that motivated neutrino oscillation as a theory are

discussed, followed by the mathematical formalism, and finally, the current status of

the field.

2.3.1 Motivation

As neutrinos from various sources continued to be studied, discrepancies emerged be-

tween the theoretical prediction and the experimentally observed number of neutrinos.

The two main discrepancies, The Solar Neutrino Problem and The Atmospheric Neu-

trino Anomaly were ultimately explained by the theory of neutrino oscillation. It

was for the discovery of neutrino oscillations (which shows that neutrinos have mass)

that Takaaki Kajita of Super-Kamiokande and Arthur B. McDonald of the Sudbury

Neutrino Observatory (SNO) were awarded the 2015 Nobel Prize in Physics.

The Solar Neutrino Problem

By the mid-1960s, models of the sun had taken shape, supported by experiments

investigating the interaction processes expected to occur inside the sun. Since many of

these processes involve the production of neutrinos in different energy ranges, studying

these solar neutrinos would provide valuable information on the inner workings of the

sun. Thus motivated, in 1965-1967 the Homestake solar neutrino experiment [44] was

built.

The Homestake experiment was built 1478 m below the surface at the Homestake

Gold Mine in Lead, South Dakota. This provided shielding from cosmic ray muons of

4200±100 mwe (metres water equivalent). It consisted of a steel tank containing 615

tonnes of tetrachloroethylene (C2Cl4, commonly available as dry cleaning fluid). This

design sought to detect neutrinos through the interaction shown in Equation 2.14.

νe + 37Cl→ 37Ar + e− (2.14)
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In order to determine that this interaction occurred, helium gas was bubbled through

the tetrachloroethylene, which extracted the gaseous 37Ar. This gas mixture was

then passed through an absorber that absorbs the argon but not the helium. 37Ar is

radioactive, so the number of decays in the absorber could be counted, and therefore

used to determine how many neutrino interactions had taken place in the detector.

In their early result published in 1968 [50], the Homestake experiment expected

2-7 events per day based on solar models, but set an upper limit of 0.5 events per day

based on their observations. This was taken, at the time, to be indicative of a prob-

lem with the solar model, and a theoretical paper ([29], printed in the same journal

issue immediately following the Homestake experimental result) argued that the mod-

els could be tweaked sufficiently to bring them into agreement with the Homestake

observation.

In the years since the initial Homestake result, the solar model continued to be

developed. The Homestake experiment continued to operate until 1994, measuring the

flux of solar neutrinos with energies down to 0.814 MeV (the minimum neutrino energy

required for the interaction given in Equation 2.14 to occur). By 1978, attempts to

reconcile the theoretical solar model predictions with the observations were sufficiently

frustrated to coin the term “The Solar Neutrino Problem”.

Further experimentation with sensitivity to different neutrino energy regions served

to deepen the problem. This came from the 2140 tonne Water Cherenkov detector,

Kamiokande-II. As described in the description of its successor in Section 3.4, Water

Cherenkov detectors instrument a large volume of water with sensitive light sensors,

in order to detect light produced by particles travelling faster than light in water. The

production of this light is known as the Cherenkov Effect. In 1990, Kamiokande-II,

observed a neutrino flux that was 0.46 ± 0.05(stat) ± 0.06(syst) that predicted by

the solar model [64]. This measurement was performed using the elastic scattering of

electron neutrinos on electrons in the water molecule, shown in Equation 2.15

νe + e− → νe + e− (2.15)

This process can occur via both the W boson and the Z boson. It is also possible

for the other neutrino flavours to undergo the Z boson mediated version of this process,

but this process is dominated by the W boson mediated version, which is exclusive

to electron neutrinos. The kinematics of this elastic scattering interaction, when

combined with the ability of Kamiokande-II to reconstruct the electron’s direction,
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provided sufficient information about the direction of the neutrino to confirm that

these neutrinos did in fact originate from the sun. The Kamiokande-II observation

required that the outgoing electron have a total energy of at least 9.3 MeV in the first

run period, and 7.5 MeV in the second (in both cases, primarily in order to distinguish

signal from background). This left it only sensitive to solar neutrinos in the highest

energy solar neutrino production channels (dominated by 8B → Be ∗ + e+ + νe).

Although the deficit observed by Kamiokande-II was a confirmation of the deficit

observed by Homestake, its size conflicted with the deficit measured at Homestake,

when considering the other solar neutrino production channels that Homestake was

sensitive to.

Finally, another class of experiments in the early 1990s served to make the problem

even more apparent. In order to probe even lower down into the solar neutrino energy

spectrum, and be sensitive to the pp process (p+p→ 2H+e+ +νe), these experiments

searched for the inverse beta decay of gallium-71, which has an energy threshold of

0.233 MeV, and is shown in Equation 2.16

νe + 71Ga→ 71Ge + e− (2.16)

Much like Homestake’s observation of the resulting radioactive argon isotope, these

experiments relied on counting the decays of the resulting radioactive germanium-71.

In the early 1990s, the two main experiments using this technique were the Soviet-

American-Gallium-Experiment (SAGE) [1] and the Gallium Experiment (GALLEX) [22].

SAGE was located underground at the Baksan Neutrino Observatory in the Cau-

casus Mountains of Russia, and GALLEX was located at the Laboratori Nazionali

del Gran Sasso in Italy. SAGE took advantage of the low melting point of gallium

(29.7646◦C [88]) to have their detector volume contain 30 tons of liquid gallium, while

GALLEX instead employed a concentrated solution of GaCl3 and hydrochloric acid,

containing a total of 30.3 t of gallium. Both the SAGE and GALLEX results were

consistent with each other, and measured a significantly lower neutrino flux than the

Standard Solar Model predicted, but the size of the deficit conflicted with the deficits

measured by Kamiokande-II and Homestake when considering the different channels

that these experiments were sensitive to.

So, by 1996 the Solar Neutrino Problem had come to a head. Three different

experimental methods measuring solar neutrinos produced in different processes in

the sun could not be reconciled with the Standard Solar Model and with each other.
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The Solar Neutrino Problem was ultimately resolved by adding to the picture

measurements by the Sudbury Neutrino Observatory (SNO) [67], a 1 ktonne Wa-

ter Cherenkov detector, located underground at the 6800 foot level of Sudbury’s

Creighton Mine, which provided approximately 6000 meters water equivalent shield-

ing from cosmic ray muons. As discussed earlier, Kamiokande-II (and Super-Kamiokande)

were restricted to considering only the Elastic Scattering neutrino interaction channel.

This was due to their design employing regular “light” water, H2O. For an electron

neutrino to interact via a Charged Current process, the presence of a neutron is re-

quired. Normal hydrogen nuclei contain none, ruling them out as a potential target,

and although oxygen nuclei contain many neutrons, the interaction 16O+νe → 16F+e−

has an energy threshold of 15.4 MeV (p. 193 of [82]). This is above the energy of

most solar neutrinos, and would be suppressed due to its high energy requirement for

the relatively small number of neutrinos above this energy. In addition, the expected

maximum energy of solar neutrinos is 18.8 MeV [30]. Therefore, even the most ener-

getic outgoing electrons would still be well below the 7.5 MeV threshold requirement

for signal-background discrimination.

The innovative design employed by SNO was the use of Heavy Water, D2O, where

the hydrogen atoms have been replaced by deuterium (pn, denoted d below). This

opened up the Charged Current interaction channel in Equation 2.17, and the Neutral

Current interaction in Equation 2.18, which require neutrino energies of 1.44 MeV

and 2.22 MeV to occur, respectively. However, like Kamiokande-II, SNO analyses

also had higher energy thresholds for the reconstructed electron, ranging from 5 MeV

to 6 MeV, in order to distinguish signal from background.

νe + d→ p+ p+ e− (2.17)

νx + d→ p+ n+ νx (2.18)

So, there were the following possible interactions in SNO:

• Elastic Scattering (ES): Shared with Kamiokande-II and later Super-Kamiokande,

this interaction is dominated by electron neutrinos via the W boson, but would

also contain some interactions from all three flavours via the Z boson, if the

other flavours were there due to neutrino oscillation.

• Charged Current (CC): Exclusive to SNO due to the use of heavy water, and
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only sensitive to electron neutrinos (as solar neutrinos have insufficient energy

to produce the µ or τ required for another flavour to interact.)

• Neutral Current (NC): Also exclusive to SNO, and sensitive to all three flavours

of neutrinos.

The first indication of the solution to the Solar Neutrino Problem came with a

joint SNO and Super-Kamiokande measurement in 2001 [15]. SNO used the angular

distribution of the outgoing electron for ES and CC interactions to separate the two

interaction types. SNO had enough νe CC events to make a precise measurement

of the solar νe flux. When combined with the precise Super-Kamiokande ES results

(sensitive to all 3 flavours), this indicated that there was a flux of νµ and ντ as well,

with the combined result within the Standard Solar Model prediction for the total

neutrino flux.

However, SNO could further refine its measurements by looking for Neutral Cur-

rent events. Measuring the Neutral Current interaction relied on observing the neu-

tron produced in Equation 2.18, which is beyond the capabilities of a normal Water

Cherenkov detector. In its three operational phases, SNO took three different ap-

proaches to doing so.

1. The neutron could capture on a deuteron, which causes the emission of a

6.25 MeV gamma ray. This gamma ray would Compton scatter in the detector,

producing an electron which would be detected.

2. The neutron capture efficiency was improved by a factor of 3 by adding 2 tonnes

of NaCl. This also increased the amount of Cherenkov light produced by a

neutron capture, since 35Cl emits multiple gamma rays on neutron capture.

3. The NaCl was removed from the water, and 40 Neutral Current Detectors

(NCDs) were arranged vertically in an array inside the detector. The NCDs were

each ∼5 cm diameter Nickel tubes, containing an 85:15 mixture of 3He : CF4,

and a high voltage anode wire running down the centre. Neutron capture occurs

via n + 3He→ p + 3H, with the resulting products ionizing the gas, producing

charge that is collected by the anode wire. In this way, the presence of a neutron

created an electronic signal that could be read out.

Using data from its first phase (ending in May 2001), SNO was able to indepen-

dently confirm [16] the presence of other muon and tau neutrinos along with the
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expected electron neutrinos in the solar neutrino flux. This was done by comparing

the neutrino fluxes measured by each of the ES, CC, and NC processes. This re-

sult gave a total neutrino flux that was consistent with the Standard Solar Model.

The Solar Neutrino Problem had therefore been solved with confirmation that solar

electron neutrinos oscillate.

The Atmospheric Neutrino Anomaly

In the early 1980s, searching for proton decay became an area of experimental inter-

est. Forbidden by conservation of baryon number in the Standard Model (the proton

is the lightest particle with 3 quarks), many theories beyond the Standard Model

include proton decay. Even in these theories, the half life of a proton is still very

long, measurements therefore requiring a large detector (containing lots of protons)

heavily shielded from external backgrounds. Although situating the detector un-

derground effectively reduces the background of cosmic ray muons, the atmospheric

neutrinos (discussed in Sections 2.1.2 and 2.1.4) would pass through this shielding

with ease. It was therefore very important to making proton decay measurements

that the atmospheric neutrino background be well understood.

Thankfully, theoretical models had much to say about the expected atmospheric

neutrino flux at the time. The cosmic ray muon flux was well studied at the time,

and given the known atmospheric neutrino production processes, provided predictive

power as to the atmospheric neutrino flux. These known production processes also had

predictive power as to the ratio of muon neutrino to electron neutrinos, as a function

of energy. At lower energies, both the pion decays in Equations 2.10 and 2.11 and

the muon decays in Equations 2.9 and 2.8 would occur in the atmosphere, leading

to approximately a 2:1 ratio of (νµ + ν̄µ) : (νe + ν̄e). As energies increase, the muon

would be less and less likely to decay before reaching the Earth, resulting in fewer νe

or ν̄e, increasing this ratio.

Two of the proton decay experiments at the time, both Water Cherenkov detec-

tors, looked into the atmospheric neutrino background in more detail. The Irvine-

Michigan-Brookhaven (IMB) experiment was located in the Fairport salt mine in

the United States, and the Kamioka Nucleon Decay Experiment (KamiokaNDE) in

Japan (the predecessor to both Kamiokande-II and Super-Kamiokande). The detec-

tors were both able to distinguish νµ or ν̄µ interactions (µ-like events) from νe or ν̄e

interactions (e-like events), the methodology for which is discussed in the context of
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Super-Kamiokande and T2K in Section 3.4. They could therefore make measurements

of the ratio of µ-like events to e-like events (Robs), and compare them to the theory

prediction (Rtheory). Ultimately, the difference was quite profound, the IMB measure-

ment giving an Robs/Rtheory of 0.54 ± 0.05 ± 0.11 [69], and KamiokaNDE measuring

an Robs/Rtheory of 0.60+0.07
−0.06(stat.)±0.05(syst.) [65]. There was therefore a deficit in

the atmospheric muon neutrino flux at the detectors relative to the theoretical pre-

dictions.

This Atmospheric Neutrino Anomaly was ultimately solved by Super-Kamiokande

in 1998 [56]. In addition to separating the µ-like and e-like events, the direction of

the outgoing muon or electron provides information on the direction of the neutrino

that interacted to produce it. When comparing this direction to the cosine of the

zenith angle (angle made with the vertical), there is a clear angular dependence in

the difference between the event rate expected in the model and the measured event

rate.

This angular dependence is ultimately a proxy for how far the neutrino travelled:

cos θ = 1 corresponding to only a few tens of kilometres from the upper atmosphere,

and cos θ = −1 corresponding to thousands of kilometres through the Earth. As will

be discussed in Section 2.3.2, in neutrino oscillation theory the probability of neutrino

oscillation has a sinusoidal dependence on L/E, where L is the distance the neutrino

travelled, and E its energy. Using the zenith angle to calculate L, and combining

that with the reconstructed neutrino energy revealed an L/E dependence consistent

with neutrino oscillation of νµ → ντ . The Atmospheric Anomaly was therefore solved

once neutrino oscillation was taken into account.

2.3.2 Neutrino oscillation formalism

The resolution of both the Solar Neutrino Problem and the Atmospheric Neutrino

Anomaly was the determination that neutrinos oscillate, i.e. change from one flavour

to another. In this section, the mechanism by which neutrino oscillation occurs in a

vacuum is discussed, followed by how this is modified for neutrinos passing through

matter.

Neutrino oscillation in a vacuum

As discussed earlier in this chapter, our understanding of neutrinos originates entirely

in how they are produced and how they are detected, that is, how they participate in
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the weak interaction. From this we have three flavours of neutrinos, νe, νµ, and ντ , one

corresponding to each of the negatively charged leptons, along with antineutrinos ν̄e,

ν̄µ, and ν̄τ , corresponding to each of the positively charged leptons. In the Standard

Model, neutrinos are massless, but the phenomenon of neutrino oscillation requires

neutrinos to have mass in order for it to occur. Neutrino oscillation is therefore

compelling evidence of physics beyond the Standard Model.

To see how neutrino masses give rise to neutrino oscillation, consider the three

neutrino flavours as Quantum Mechanical states, |νe〉, |νµ〉, and |ντ 〉, referred to as

the flavour eigenstates. In Quantum Mechanics, the Hamiltonian operator, H, gives

the total energy of a state |ψ〉, with time evolution of the state according to the

Schrödinger Equation, Equation 2.19.

i~
∂

∂t
|ψ(t)〉 = H |ψ(t)〉 (2.19)

If H is time independent, a solution takes the form given in Equation 2.20.

|ψ(t)〉 = e−iHt/~ |ψ(0)〉 (2.20)

If |ψ(0)〉 is expressed as a superposition of the orthonormal eigenstates of the

Hamiltonian, |ψj〉, where Ej are the eigenvalues of the Hamiltonian, it evolves in

time as shown in Equation 2.21.

|ψ(t)〉 =
∑
j

aje
−iEjt/~ |ψj〉 (2.21)

Therefore, the time dependent phase applied to each eigenstate in the superpo-

sition is a function of the corresponding eigenvalue of the Hamiltonian. Since the

probability of observing the state |ψ(0)〉 after a time t given by | 〈ψ(0)|ψ(t)〉 |2, these

changes in phases between the eigenstate constituents produce real changes in the

observed state.

For a massive neutrino not subject to any signficant potential field, its total energy

E is a function of its momentum ~p and mass m as given in Equation 2.22.

E =
√
|~p|2c2 +m2c4 (2.22)

The Hamiltonian is therefore mass dependent. The eigenstates of the Hamiltonian

are therefore referred to as the mass eigenstates, of which there are currently thought
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to be three, denoted |ν1〉, |ν2〉, and |ν3〉. The relationship between the mass eigen-

states and the flavour eigenstates is given by the PMNS (Pontecorvo-Maki-Nakagawa-

Sakata) matrix , named after the theorists who formulated the theory of neutrino

oscillation [75, 81]. The PMNS matrix parametrizes neutrino oscillation with three

mixing angles (θ12, θ23, and θ13) and a CP violating phase, δCP , and abbreviating

cij = cos θij, and sij = sin θij can be written as the product of three rotation matrices

with a complex phase, shown in Equation 2.23.

Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3

 =

 c12 s12 0

−s12 c12 0

0 0 1


 c13 0 s13e

−iδCP

0 1 0

−s13e
iδCP 0 c13


1 0 0

0 c23 s23

0 −s23 c23

 (2.23)

This can then be written in the form of Equation 2.24.

U =

Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3

 =

 c12c13 c13s12 e−iδCP s13

−s12c23 − eiδCP c12s13s23 c12c23 − eiδCP s12s13s23 c13s23

−eiδCP c12s13c23 + s12s23 −eiδCP s12s13c23 + c12s23 c13c23

 (2.24)

From the PMNS matrix comes the following correspondance between mass and

flavour eigenstates for neutrinos (Equation 2.25) and antineutrinos (Equation 2.26).

|ν`〉 =
3∑
j=1

U∗
`j |νj〉 (2.25)

|ν̄`〉 =
3∑
j=1

U`j |ν̄j〉 (2.26)

With the correspondance between mass and flavour eigenstates parametrized, the

time evolution of a flavour eigenstate can be computed, by determining the eigen-

values of the Hamiltonian for use in Equation 2.21. Derivations making minimal

simplifying assumptions have been performed (see the discussion in “NEUTRINO

MASS, MIXING, AND OSCILLATIONS” in [79]), but a simplified derivation (like

that from [40]) provides a sufficiently accurate result. For such a derivation, consider

Equation 2.22. Take the ultrarelativistic limit (p >> mc, which definitely holds for

observable neutrinos, since given their very small mass, they travel at nearly c), and

assume that all mass eigenstates travel at the same momentum, p, which in this limit
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is approximately equal to E/c, where E is the neutrino energy. Then, the Taylor

expansion gives the energy eigenstates shown in Equation 2.27.

Ej ≈ E +
m2
jc

4

2E
(2.27)

Furthermore, since the speed is approximately c, then t ≈ L/c, so making that

substitution results in the oscillation probabilities of Equation 2.28 for neutrinos, and

Equation 2.29 for antineutrinos, where Rkj
αβ = Re

[
U∗
αkUβkUαjU

∗
βj

]
and

J kj
αβ = Im

[
U∗
αkUβkUαjU

∗
βj

]
, ∆mkj = m2

k −m2
j is in eV, L is in km and E is in GeV.

P (να → νβ) = δαβ − 4
∑
k>j

Rkj
αβ sin2

(
1.267∆m2

kjL

E

)
+ 2

∑
k>j

J kj
αβ sin

(
2.534∆m2

kjL

E

)
(2.28)

P (ν̄α → ν̄β) = δαβ − 4
∑
k>j

Rkj
αβ sin2

(
1.267∆m2

kjL

E

)
− 2

∑
k>j

J kj
αβ sin

(
2.534∆m2

kjL

E

)
(2.29)

The difference between these two oscillation probabilities is the sign of the third

term, concerning the quantity J . If α and β are the same flavour (i.e. like in an

experimental search for disappearance of a certain flavour), this term is zero, and

there is no difference in the oscillation probabilities, as one would expect under CPT

conservation. In other words, measuring the disappearance of a neutrino flavour in

a vacuum is insensitive to the complex phase δCP . However, if α and β are different

flavours, if there is CP violation in neutrino oscillations (δCP is neither 0 nor ±π), a

difference between P (να → νβ) and P (ν̄α → ν̄β) would be present.

Neutrino oscillation in matter

Alas, neutrino experiments are not conducted entirely in a vacuum. The departure

from a vacuum can range from as little as the Earth’s atmosphere, to the roughly

constant density material making up the Earth’s crust and mantle, all the way to

the body of the sun, including very high densities that decrease going out from its

core. It is therefore important to consider the effect that travelling through matter

has on neutrino oscillations. This is often referred to simply as matter effects, or the

Mikheyev-Smirnov-Wolfenstein (MSW) Effect, after three theorists who developed
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it [76, 77, 96].

In matter, there is a possibility for neutrinos to interact. Processes that have no

neutrino in the final state (most Charged Current processes) are not relevant to the

time evolution of neutrinos that actually make it to the detector, so don’t have any

effect (beyond a miniscule reduction in neutrino flux as a function of L). In addition,

Neutral Current processes are independent of neutrino flavour, and therefore occur

equally for all mass eigenstates. This leaves one type of interaction, W boson mediated

Elastic Scattering off of electrons, or νe + e− → e− + νe for electron neutrinos, and

ν̄e+e− → e−+ ν̄e for electron antineutrinos. Only the electron flavour can participate

in this W boson mediated interaction, so the effect is flavour dependent, and would

therefore have an effect on neutrino oscillation.

To determine what the matter effects are, consider the vacuum treatment of the

previous section, and in particular, the Hamiltonian. In a vacuum, the total energy

of the neutrino is a combination of its kinetic energy and energy due to its mass.

In matter, the ability of the electron neutrino and antineutrino to undergo W boson

mediated Elastic Scattering adds an effective potential energy term to the Hamilto-

nian, dependent on the electron density and the distance travelled in the material.

As a result, the matter Hamiltonian has different mass eigenstates than the vacuum

Hamiltonian (i.e. the effective mass of each of the mass eigenstates is different in mat-

ter.) Neutrino oscillation in matter therefore proceeds relative to these matter mass

eigenstates, and the PMNS matrix transformed to give the correspondance between

the flavour eigenstates and the matter mass eigenstates. This produces complicated

dependences on the various mixing parameters and mass squared splittings, which

are discussed in detail in [55]. The MSW Effect can have important consequences for

measurements of neutrino oscillation, as will be discussed in the next section.

2.3.3 Current status

The PMNS matrix (Equation 2.23) parametrizes neutrino oscillation with three mix-

ing angles (θ12, θ23, and θ13) and a CP violating phase, δCP . In addition, the mass

squared splittings (∆m2
21, ∆m2

32, and ∆m2
31) enter into the calculation of survival and

disappearance probabilities for a flavour eigenstate. Through the combined efforts of

neutrino oscillation experiments around the world, most of these parameters have

been measured, but some mysteries still remain.

The world knowledge of these parameters as of the 2014 Particle Data Group’s
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Review of Particle Physics [79] is shown in Table 2.3.

Parameter Value

θ12 33.4◦ +0.9◦

−0.8◦

∆m2
21 (7.53± 0.18)× 10−5 eV2

θ23 45.8◦ ± 3.2◦

|∆m2
32| (2.44± 0.06)× 10−3 eV2

θ13 8.9◦ ± 0.4◦

Table 2.3: World knowledge of neutrino mixing parameters (Normal Hierarchy), taken
directly or calculated from the listings of the 2014 Particle Data Group Review of
Particle Physics [79].

This data comes from multiple different types of experiments:

• Solar neutrino experiments though electron neutrino disappearance are sensitive

to θ12 and ∆m2
21.

• Reactor neutrino experiments through electron antineutrino disappearance are

sensitive to θ12, ∆m2
21, and θ13.

• Atmospheric neutrino experiments through muon neutrino disappearance are

sensitive to θ23 and |∆m2
32| or |∆m2

31|.

• Accelerator neutrino experiments through muon neutrino disappearance are

sensitive to θ23 and |∆m2
32| or |∆m2

31|, and through electron neutrino appearance

are sensitive to θ13 and δCP .

The most recent mystery to be solved concerns the value of θ13. Up until 2011,

reactor and accelerator experiments had only successfully placed upper limits on its

value. The question as to whether it was identically 0 was of great theoretical concern,

as in the PMNS matrix (Equation 2.23) this would force there to be no CP viola-

tion in neutrino oscillations. Initial indications from electron neutrino appearance

at T2K [2], followed soon after by definitive measurements of electron antineutrino

disappearance from the reactor experiments Daya Bay [20], Double Chooz [9], and

RENO [18] demonstrated that not only was θ13 non-zero, but is in fact large enough

that a measurement of δCP is within experimental reach. Combining the T2K δCP

dependent electron neutrino appearance measurement with the reactor δCP indepen-

dent electron antineutrino disappearance measurement has produced some interesting
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hints as to the value of δCP [8], but this is still an area of current and future interest

in neutrino oscillation physics.

Another mystery remaining in neutrino physics concerns the signs of the

∆m2
kj = m2

k−m2
j . In all of the different types of neutrino oscillation experiments dis-

cussed earlier in this section, the dominant observation of neutrino oscillation comes

from a disappearance channel (i.e. measurements based on detecting fewer neutrinos

than expected, and computing P (να → να). Looking back at Equations 2.28 and 2.29,

we see that when measuring the disappearance of a neutrino flavour, J kj
αβ = 0, and

the oscillation probability is independent of the sign of ∆m2
kj. However, the MSW

Effect can sufficiently modify the mixing such that the sign of the ∆m2
kj term can be

determined. In the case of solar neutrinos, the extreme electron density present in

the sun results in the MSW Effect being very significant [77], measurements therefore

being able to establish that m1 < m2. As shown in Table 2.3, it has been established

that |∆m2
32| ≈ |∆m2

31| >> ∆m2
21, but it is currently unknown as to whether the mass

hierarchy is m1 < m2 < m3 (referred to as Normal Hierarchy) or m3 < m1 < m2

(referred to as Inverted Hierarchy). Neutrino oscillation analyses sensitive to these

parameters (for example, that discussed in Chapter 7) are therefore performed twice,

once for each mass hierarchy assumption. Determining which mass hierarchy is cor-

rect remains a goal for current and future neutrino experiments.
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Chapter 3

The T2K Experiment

The T2K Experiment [3] is a long-baseline neutrino oscillation experiment. A beam

of muon neutrinos or antineutrinos is produced at the Japan Proton Accelerator Re-

search Complex (J-PARC) in Tokai, Japan. There is a near detector complex located

280 m from the neutrino production target, and the far detector, Super-Kamiokande,

is located 295 km from the neutrino production target. This chapter describes the

goals of the experiment, and each component of the experimental apparatus in more

detail.

3.1 Physics goals

At the time T2K was proposed, the value of the mixing parameter θ13 was unknown.

It had been limited to a small value by the CHOOZ experiment [24], but as discussed

in Section 2.3, a value of zero was a possibility, which would have had interesting

theoretical consequences. So, a major T2K design goal was to be sensitive to values

of sin2 2θ13 a factor of 20 smaller than the CHOOZ limit, corresponding to a T2K

sensitivity for sin2 2θ13 > 0.008 at the 90% CL, for δCP = 0. This was to be accom-

plished by searching for νµ → νe oscillation in a muon neutrino beam (a process that

had not been observed before).

The muon neutrino beam also provided an opportunity to measure muon neutrino

disappearance. T2K thus set the goal of making precise measurements of muon

neutrino disappearance, specifically to the precision of δ(∆m2
23) ∼ 10−4 eV2 and

δ(sin2 2θ23) ∼ 0.01.

In addition to these neutrino oscillation goals, the inclusion of a near detector
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also enables studies of neutrino interactions with matter to be performed. It is also

possible to look for signs of sterile neutrinos (neutrino flavours that do not interact,

but which do participate in neutrino oscillations).

As was shown in Section 2.3, the neutrino oscillation probabilities that T2K neu-

trino oscillation measurements are meant to probe are dependent on Equation 3.1:

sin2 ∆m2L

4E
(3.1)

In Equation 3.1, ∆m2 = ∆m2
32 or ∆m2

13 (NH or IH, respectively). In order to have the

maximum probability of neutrino oscillation (and hence the largest effect to measure),

an experimental configuration that makes Equation 3.1 as close as possible to 1 is

needed. Given that ∆m2 was reasonably well known during the design phase of T2K,

this meant choosing a suitable value of L/E, where L is the distance between the

neutrino production point and the detector meant to observe the oscillations, and E

is the energy of the neutrinos. Therefore, given the distance between J-PARC and

Super-Kamiokande, producing neutrinos at J-PARC with the optimal energy was an

important design consideration.

One additional element of fine tuning with regards to the neutrino energy was

also incorporated into the T2K experimental design: directing the neutrino beam

such that it defines an axis pointing 2.5◦ away from Super-Kamiokande. When a

pion decays (Equation 3.3 and Equation 3.4), the energy of the neutrino is given [73]

by Equation 3.2, where θ is the angle the neutrino direction makes with the pion

direction (in the lab frame), and γ = Eπ/mπ.

Eν =
(1− (mµ/mπ)2)Eπ

1 + γ2θ2
(3.2)

The resulting dependence of the neutrino energy on the pion energy, for a few

different angles it makes with the pion direction, is shown in Figure 3.1.

Unfortunately, the method described in Section 3.2.2 for producing the pions does

not produce a monoenergetic pion beam. However, Figure 3.1 indicates that if off-

axis neutrinos were considered, even a large range of pion energies could translate

to a relatively small range of lower energy neutrinos. What this means for T2K is

shown in Figure 3.2. At the T2K off-axis angle of 2.5◦, the neutrino energy spectrum

is peaked at the energy at which neutrino oscillation is most probable, ∼ 0.6 GeV.

In addition, since the signal interaction process (CCQE) dominates at these lower
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Figure 3.1: The energy of the neutrino produced in a pion decay, for different angles
between the neutrino direction and the pion direction (in the lab frame), as a function
of pion energy. Generated by plotting Equation 3.2 for different values of θ.

energies, this reduction in the number of high energy neutrinos (relative to smaller

off-axis angles) reduces the incidence of the background interaction processes, thus

reducing uncertainties in the measurement of neutrino oscillation.

As discussed in Section 2.3.3, much has changed since the construction of T2K.

T2K measurements of muon neutrino disappearance have produced the world’s most

precise measurement of sin2 θ23. T2K’s observation of νµ → νe oscillation and reactor

experiments have established sin2 2θ13 to be sufficiently far from 0 that experimental

probes of δCP are possible, with some interesting hints already appearing.

As described in 3.2.2, it is possible for T2K to produce and measure a muon an-

tineutrino beam instead of the muon neutrino beam used for the earlier results. With

interesting measurements already made with the neutrino beam, the decision to run

in antineutrino beam mode was made. This allows study of muon antineutrino os-

cillation, including precision measurements of muon antineutrino disappearance, and

a search for electron antineutrino appearance in the muon antineutrino beam. As

discussed in Section 2.3, comparing muon neutrino disappearance and muon antineu-

trino disappearance provides a test of the CPT Theorem. In addition, measuring the
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Figure 3.2: The neutrino energy spectrum at Super-Kamiokande (in arbitrary flux
units) for different angles relative to the beam axis. The muon neutrino survival
probability, and electron neutrino appearance probability are shown, demonstrating
that for the 2.5◦ off-axis angle, the flux is peaked near maximal oscillation probability.
From [89], though published earlier in [4].

difference between electron neutrino appearance and electron antineutrino appear-

ance could allow T2K to measure δCP without relying on the reactor constraint, as

discussed in Section 2.3.3.
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3.2 The Japan Proton Accelerator Research Com-

plex

The neutrino beam that T2K measures is produced by the Japan Proton Accelerator

Research Complex [97], abbreviated as J-PARC. This facility is located in Tokai,

Ibaraki, on the East coast of Japan. It consists of three proton accelerators, with

multiple different experiments making use of various proton beam configurations. In

the case of T2K, protons are directed from the Main Ring to the neutrino beamline,

and the neutrinos and antineutrinos that T2K studies are produced there.

3.2.1 The proton accelerators

The proton beam begins with a source of protons to accelerate. In the case of J-

PARC, this takes the form of a source of H− ions. These are injected into a linear

accelerator, the LINAC. The LINAC accelerates the H− ions up to a kinetic energy

of 400 MeV. The H− ions are then passed through charge-stripping foils in order to

turn them into H+ ions (i.e. protons), and injected into the RCS (“Rapid-Cycling

Synchroton”).

The RCS accelerates the protons up to a kinetic energy of 3 GeV, with a 25 Hz

cycle, and two bunches in a cycle. Of these proton bunches, 95% are extracted for

use in the Materials and Life Science Facility, and the remaining 5% are injected into

the Main Ring (MR).

The MR accelerates the protons up to a kinetic energy of 30 GeV, in 8 bunches.

When the proton beam is being directed towards the neutrino beamline, the MR

is operated in a mode called Fast Extraction, whereby all 8 bunches are extracted

from the MR in one turn around the ring. This sends one 8 bunch spill towards the

neutrino beamline.

3.2.2 The neutrino beamline

The first section of the neutrino beamline is referred to as the primary beamline. It

is divided into three sections: the 54 m long preparation section, the 147 m long arc

section, and the 37 m long final focusing section. The preparation section tunes the

beam so that it is suitable for the arc section. In the preparation section, there are

also multiple beamline monitors that measure the beam intensity, position, profile,
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and beam loss. The purpose of the arc section is to bend the beam towards the

direction of Kamioka, which is an 80.7◦ change of direction, with a 104 m radius of

curvature. There are also monitors for the beam position, profile, and beam loss in

this section. With the proton beam properly directed by the arc section, it enters the

final focusing section, which guides and focuses the beam onto the target, and directs

it downward from the horizontal by 3.627◦. The final focussing section also contains

monitors that measure the beam intensity, position, profile, and beam loss. Thus, at

the end of the primary beamline, the proton beam has been tuned and directed as

needed, and its properties are well understood.

Upon exiting the primary beamline, the protons enter the secondary beamline.

It begins with the target station. Here, the beam passes through a baffle, which

collimates the beam. Then it passes through another beam profile monitor [38], just

upstream of the target. The collisions of the 30 GeV protons in the graphite target

result in the production of additional particles. This is modelled using a combination

of FLUKA [52, 33, 43] and GEANT3 [42] (with GCALOR [98]), and tuned to exter-

nal data from pion scattering experiments, as well as the experiment NA61/SHINE.

Among the particles produced that are relevant for neutrino production, pions are

the most prominent, though kaons are also produced. These charged particles are fo-

cussed by three magnetic horns. The direction of the 250 kA current flowing through

them determines the direction of the magnetic field inside of them, and hence whether

positive particles are focussed down the decay volume and negative particles bent out

of the beam path, or vice versa.

In neutrino beam mode, the π+ are focussed. Their decays result in muon neutri-

nos via Equation 3.3.

π+ → µ+ + νµ (3.3)

In antineutrino beam mode, the π− are focussed. Their decays result in muon

antineutrinos via Equation 3.4.

π− → µ− + ν̄µ (3.4)

As stated earlier, kaons are also produced in the target, and neutrinos from their

decays contribute to the beam content. In addition, some of the muons produced

in the pion decays also decay within the decay volume (via Equation 2.8 and Equa-

tion 2.9), making further contributions. As a result, the beam contains a combination

of νµ, ν̄µ, νe, and ν̄e, though the desired flavour dominates in each beam mode.
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At the end of the ∼ 96 m long decay volume is the beam dump. It provides

3.174 m of graphite and 2.40 m of iron in the beam path, only allowing muons with a

momentum above ∼ 5.0 GeV/c to pass through it. Just past the beam dump there is

a detector (the muon monitor) which uses these muons to measure the neutrino beam

intensity and direction. The remaining distance between the end of the muon monitor

and the near detector complex is composed of the sand that J-PARC is built on, and

is sufficient to stop any muons that remain, so that only neutrinos and antineutrinos

make it to the near detector complex.

3.3 The near detector complex

The near detector complex is located on the J-PARC site, 280 m from the target. The

detectors are contained inside a cylindrical pit dug into the ground, 37 m deep, with a

diameter of 17.5 m, with 3 floors to provide support for the detectors themselves and

the various services that are required for detector operation. The pit contains two

detectors: INGRID (“Interactive Neutrino GRID”), centered on the beam axis, and

ND280 (“Near Detector, 280 m”), situated 2.5◦ off-axis. In this section the structure

and function of these detectors will be discussed, along with concepts relevant to their

operation. Their positioning relative to each other, and their locations in the pit are

shown in Figure 3.3.

3.3.1 INGRID

The INGRID detector is made up of 16 identical modules, arranged as shown in

Figure 3.4. The centre of the cross, with two overlapping modules, is positioned at

the beam centre (i.e. “on-axis”). The two modules outside of the cross shape check

the axial symmetry of the beam. As a whole, INGRID monitors the neutrino beam

direction and intensity. It has also been used to study neutrino interactions.

The INGRID modules are constructed of a sandwich of 9 iron plates (providing

a dense target for neutrinos to interact with) and 11 tracking scintillator planes, and

are surrounded by veto scintillator planes to reject external backgrounds. When a

charged particle passes through scintillator, the molecules are moved into an excited

state, which decays down to the ground state, emitting a photon of a characteristic

frequency: a scintillation photon. The scintillator planes consist of rectangular scin-

tillator bars, optically isolated from each other. Each bar has a wavelength shifting
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Figure 3.3: The positioning of the ND280 off-axis detector and the INGRID on-axis
detector in the near detector complex pit. ND280 (with the magnet open) is located
on the upper level. The horizontal INGRID modules are located on the level below,
and the vertical INGRID modules span the bottom two levels. From [3].

Figure 3.4: Diagram of INGRID, showing the positioning of the modules relative to
each other and the coordinate system. From [3].
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optical fibre running down the centre of it. This fibre absorbs some of the scintillation

photons, emitting multiple photons of a lower frequency, some of which are transmit-

ted by the optical fibre to a Multi-Pixel Photon Counter (“MPPC”). Each MPPC

contains 667 independent pixels, each one an avalanche photodiode with a gain of the

same order as a vacuum photomultiplier (e.g. the PMTs discussed in Section 3.4.)

The spectral emission of the wavelength shifting fibres matches the sensitivity of the

MPPCs well, and they are insensitive to magnetic fields. The same MPPC design

is used for the ND280 subdetectors (where the magnetic field tolerance is especially

important, due to those detectors being located inside a magnetic field).

3.3.2 ND280

ND280 is composed of multiple subdetectors contained inside of an electromagnet. A

schematic diagram of ND280 is shown in Figure 3.5, which includes the beam direction

and the coordinate system used to describe the detector. Each of the constituents of

ND280 are explained below, going roughly from the outside in.

Figure 3.5: A view showing the consituents of the ND280 off-axis detector. The
direction of the beam and the detector coordinate system are shown. From [3].
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Magnet

The ND280 magnet was originally used in the UA1 experiment, then later reused for

the NOMAD experiment (both taking place at CERN.) It was refurbished, shipped

in pieces to Japan, and installed at the near detector complex for use in ND280.

It provides a 0.2 T dipole magnetic field in the +x direction by passing a current

of approximately 2900 A through water-cooled aluminum coils. The space inside

the aluminum coils is 7.0 m × 3.5 m × 3.6 m , and contains the basket containing

most of the ND280 detectors. Outside of the aluminum coils is an iron flux return

yoke, weighing 850 tons, and bringing the total external dimensions of the magnet

to 7.6 m × 5.6 m × 6.1 m The magnet is divided into two mirror-symmetric halves,

which are together during normal operation, but can be spread apart to open the

magnet to access the detectors inside. Figure 3.3 shows the magnet halves in the

“open” position.

Side Muon Range Detector (SMRD)

The SMRD is composed of 440 plastic scintillator modules inserted into the 1.7 cm

air gaps between the 4.8 cm thick steel plates of the magnet flux return yoke. Each

of the SMRD modules has an S-shaped groove machined into it, into which a wave-

length shifting optical fibre has been inserted, which is read out by an MPPC. This

configuration allows the SMRD to record muons that escape ND280 with large angles

relative to the beam direction, and measure their momenta. It also provides a trigger

on cosmic ray muons entering ND280. Finally, it can help identify charged particles

entering ND280 from beam neutrino interactions occurring in the magnet or the walls

of the near detector complex pit.

Electromagnetic Calorimeter (ECal)

The ECal is made out of alternating layers of lead absorber and plastic scintillator

bars (also read out with wavelength shifting optical fibres and MPPCs). It provides

near hermetic coverage for the detectors inside the basket, in order to measure parti-

cles escaping those detectors. In addition to the ability to detect charged particles and

differentiate between electrons, muons, and pions, its particular strength is the detec-

tion of photons, which would cause electrons and positrons to be produced within it

(an “electromagnetic shower”), allowing their energy and direction to be measured.

In the ND280 detectors, π0 are produced in some neutrino interactions, and rapidly
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decay by the process π0 → γ + γ. The only way to infer the existence of the π0 is

through these photons, thus the ECal could play an important role in detecting any

π0 produced in the basket detectors.

π0 Detector (P0D)

The P0D is designed specifically to look for the Neutral Current process

νµ + N → νµ + N + π0 + X on a water target. This process is a background at

Super-Kamiokande, as the π0 decay photons would undergo pair production in the

detector (γ → e+ +e−), possibly producing a signal resembling νe CCQE. The P0D is

constructed of x and y layers of triangular scintillator bars, read out with wavelength

shifting optical fibres and MPPCs. Alternating with these layers are bags that can be

filled with water (to provide the target) and lead and brass sheets (nominally to induce

electromagnetic showers from photons, like in the ECal, enabling π0 detection.) Since

neutrinos will interact in the lead and brass (and to a lesser extent, the scintillator),

P0D is operated both with and without water in the bags, allowing the water target

cross sections to be determined using a subtraction method.

Fine Grained Detectors (FGD)

There are two FGDs inside the ND280 basket: FGD1, located between TPC1 and

TPC2, and FGD2, located between TPC2 and TPC3.

FGD1 is constructed entirely of alternating x and y layers of square scintillator

bars, which are optically isolated from each other. Down the centre of each bar is a

wavelength shifting optical fibre, which captures any scintillation light and brings it

to an MPPC to be read out. FGD1 provides an active neutrino target on carbon.

That is to say that the dense target volume that neutrinos are meant to interact with

is also instrumented, so that the interaction vertex is directly observable.

However, the far detector contains mostly water as a target, and making mea-

surements of neutrino interactions on carbon does not constrain model uncertainties

specific to oxygen. For this reason, in FGD2 some of the x and y layers are replaced

with water volumes, which enable measurements of neutrino interactions on oxygen

to be made. Although these are passive volumes (i.e. they are not instrumented), the

remaining x and y scintillator layers still allow FGD2 to measure interactions that

occur within it.

Both FGDs are capable of reconstructing charged particle tracks that go through
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the scintillator bars. The energy deposition of the particle as is passes through the

bars is also measured, and can provide some information about the identity of the

particle. This concept is discussed in more detail in the context of the TPCs in

Chapter 4, as the TPCs can perform this measurement more precisely, and the FGD

particle identification information is only used when the particle does not enter a

TPC, as discussed in Chapter 5.

The timing information provided by the scintillator bars is used to provide a

definite beginning time for the interaction when reconstructing an event. It also

allows the FGDs to tag Michel Electrons produced within them. Michel Electrons

are the electrons produced in muon decays, µ− → e− + ν̄e+νµ and µ+ → e+ +νe+ ν̄µ.

The tagging of Michel Electrons is based on the muon having stopped in the detector.

The stopped muon decays after some elapsed time from the beginning of the event,

so delayed charge deposition from the electron or positron is the signature that is

searched for, as is discussed in Chapter 5. This is one important method for detecting

pions produced in neutrino interactions that stopped in the FGD. They will decay

into muons that will produce Michel Electrons (via Equation 3.3, or Equation 3.4 if

the π− is not captured on a positive nucleus in the detector before it decays).

Time Projection Chambers (TPC)

The three TPCs are constructed of an instrumented Inner Volume (IV), containing a

gas mixture that is 95% Ar, 3% CF4, and 2% Isobutane, and an Outer Volume (OV)

filled with CO2, which acts as an electrical insulator, and helps keep air from entering

the IV. The IV has readout electronics on each end (±x), and a central cathode in

the middle, held at -25 kV, to provide an electric field.

When a charged particle passes through the IV, it ionizes the gas along its track,

which is curved by the magnetic field provided by the magnet. The ionization elec-

trons drift under the TPC’s electric field to the readout electronics, allowing a 3D

track to be reconstructed. Using the curvature of the track under the magnetic field,

the particle’s momentum is measured via the Lorentz force law. The amount of ion-

ization along the particle’s track is also measured, and is used to determine the type

of particle that produced the track.

The TPCs and the principles behind their operation are described in more detail

in Chapter 4.
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3.4 Super-Kamiokande

Super-Kamiokande [57] is the far detector, located 295 km away from the neutrino

production target, situated 2.5◦ off-axis. It is located inside the Mozumi mine, inside

Mt. Ikenoyama. This gives it a mean overburden of 1000 m of rock, or 2700 meters-

water-equivalent. This reduces the background from cosmic ray muons. A schematic

diagram of Super-Kamiokande is shown in Figure 3.6.

Figure 3.6: A schematic diagram of Super-Kamiokande, including its size, position
within Mt. Ikenoyama, and the direction of the beam relative to it. From [4].

The detector is contained inside a cylindrical stainless steel tank, 39 m in diam-

eter and 42 m tall, with a total nominal water capacity of 50 ktons. This tank is

divided into two regions: the Inner Detector (ID), and the Outer Detector (OD). The

boundary between the ID and OD is a cylindrical stainless steel scaffold, which is

about 50 cm wide. It is covered by plastic sheets in order to optically separate the

ID and OD, and it also supports the detector instrumentation.

The detector is instrumented with photomultiplier tubes, abbreviated PMTs.

PMTs are sensitive light sensors, capable of amplifying a single photon up to a read-

able signal. As shown in Figure 3.7, when a photon strikes the photocathode, the
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photoelectric effect causes an electron to be produced. This electron is accelerated

towards the first dynode by the electric field inside the PMT, and upon collision

with the dynode, more electrons are produced. This process is repeated for multiple

dynodes, producing a signal at the anode that is suitable for the readout electronics.

{
Dynodes

Focusing electrode

AnodePhotocathode

Figure 3.7: A diagram demonstrating the main operating principles of a photomulti-
plier tube. Drawn using information from [45] and [57].

The OD, which is about 2 m thick radially and on the axis at both ends, is meant

primarily to act as an active veto of cosmic ray muons and other backgrounds that

enter the detector. It is thus sparsely instrumented by 1885 outward facing PMTs.

To compensate, the walls of the OD are lined with Tyvek R©, which is highly reflective,

and thus increases the chances that photons in the OD will be detected by one of the

PMTs.

The ID occupies the remaining space, and is 33.8 m in diameter and 36.2 m

in height. Since the ID is meant to perform precise measurements, it is heavily

instrumented, with 11129 inward facing PMTs. This provides 40% PMT cathode

surface coverage. Since reflected photons would negatively impact the reconstruction,

the ID walls are lined with black plastic sheeting to absorb light that does not strike

a PMT cathode.

The light that Super-Kamiokande is designed to detect is produced by the Cherenkov

Effect. Often descibed as the equivalent of a sonic boom for light, the Cherenkov Ef-

fect is the production of light by a charged particle travelling through a medium faster
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than the speed of light in the medium. So, given an index of refraction n, speed of

light in a vacuum c and charged particle speed v, Cherenkov light is produced when

v > (c/n), where v = (c/n) is referred to as Cherenkov Threshold. The light is emitted

at an acute angle to the direction of the charged particle, cos θC = (c/nv), producing

a cone of light projected in the direction of the particle, centered on the path of the

particle. The cone of light produced is detected by the PMTs as a ring, and its prop-

erties (such as which PMTs detected light, and the opening angle of the Cherenkov

ring) allow identification of the charged particle that produced it (discussed below)

and reconstruction of its momentum, direction, and initial position. These are exactly

the quantities required for reconstructing the neutrino energy for a CCQE interaction

(as shown in Equation 2.13). For electrons, the momentum resolution is estimated

to be 0.6% + 2.6%/
√
P [GeV/c], and for muons, 1.7% + 0.7%/

√
P [GeV/c] [8]. For

muons at common T2K momenta, this works out to a momentum resolution of ap-

proximately 3%. The angular resolution for electrons is estimated to be 3.0◦ and for

muons 1.8◦ [8]. In addition to these reconstructed quantities, Michel Electrons (de-

scribed in Section 3.3.2) would also result in delayed charge deposition on the PMTs,

and they can therefore be tagged at Super-Kamiokande as well.

Finally, there is the issue of particle identification. The neutrino oscillation goals

of T2K require the ability to determine the flavour of neutrino that interacted. In

particular, it is important to be able to discriminate between electron neutrinos and

muon neutrinos, by being able to discriminate between electrons and muons producing

Cherenkov rings in Super-Kamiokande. How this is accomplished is demonstrated in

Figure 3.8. As electrons travel through the water in Super-Kamiokande, they scatter,

undergo bremsstrahlung, and initiate electromagnetic showers. This results in fuzzy

Cherenkov rings, as shown in Figure 3.8b. Muons are much heavier particles

(mµ = 105.3 MeV/c2, compared to me = 0.511 MeV/c2), and thus tend to maintain

their initial direction, which results in sharp Cherenkov rings, as shown in Figure 3.8a.

This allows Super-Kamiokande to discriminate well between electrons and muons in

the detector.
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(a) A muon-like ring

(b) An electron-like ring

Figure 3.8: Two example reconstructed T2K events at Super-Kamiokande, showing
the difference between a muon-like ring and an electron-like ring. The cylindrical
detector is unrolled onto a plane. If a PMT collected charge, it is shown as a point
with a colour corresponding to the charge collected. From [3].
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Chapter 4

The T2K Time Projection

Chambers

The three Time Projection Chambers (TPCs) [10] are important subdetectors of

ND280. They allow ND280 to reconstruct the tracks of charged particles passing

through them, providing precise measurements of the particles’ momentum, and iden-

tification of the particle type. This chapter discusses the fundamental principles be-

hind their operation, along with the key subsystems required for their function.

4.1 Fundamental principles

The TPCs exploit a number of physical principles in order to make measurements of

the charged particles passing through them. In this section, these physical principles

are introduced, and the specific techniques employed by the ND280 TPCs to exploit

them are discussed.

4.1.1 Passage of charged particles through matter

When a charged particle passes through matter, its electric field can act on both the

positive nuclei and the surrounding electrons of the atoms that make up the matter.

This results in a transfer of energy from the particle to the surrounding matter, and

therefore energy loss of the charged particle. The energy transfer is predominantly to

the electrons of the atoms, and takes the form of either excitation, which leaves the

atom in an excited state, or ionization, where the electron is given sufficient energy

to escape the atom. For the excitation process, the excited state may decay down



43

into the ground state by emission of a photon, or, if a large spin-parity difference

prevents this from occurring, through collision with and subsequent ionization of a

second atom, in a phenomenon called the Penning Effect.

These processes by which charged particles lose energy while travelling through

matter are probabilistic in nature, but the average energy loss over a given distance

is quantified by the Bethe formula, which relates the energy loss of a charged particle

along its trajectory (dE/dx) to the magnitude of the charge of the particle, the speed

of the particle, and the composition of the material it is travelling through (including

its density.) (For a comprehensive discussion of the Bethe formula, see 32. PASSAGE

OF PARTICLES THROUGH MATTER in [79]). The amount of energy loss of the

charged particle in the material therefore translates into a characteristic amount of

ionization electrons. This can be used to identify a particle travelling through a

detector volume.

4.1.2 Gaseous ionization detector principles and the TPCs

In Section 4.1.1, ionization electrons produced along the trajectory of a charged par-

ticle played an important role in its energy loss. The goal of a gaseous ionization

detector is to measure the particle’s ionization of the gas along its trajectory, and use

it to reconstruct the properties of the particle. In a TPC, this is accomplished by

drifting the ionization electrons to the ends of the TPC (the readout planes), where

they produce a signal that is read out. This provides a two dimensional projection of

the position of the track, which when combined with the arrival time of the ionization

electrons, allows for 3D reconstruction of the track.

To cause the ionization electrons to drift in the desired direction, an electric field

is applied. This nominally uniform electric field is chosen to be large enough that the

ionization electrons move away from the ions (instead of recombining with them), but

small enough that the ionization electrons do not attain sufficient energy to ionize

additional atoms in the gas. For the ND280 TPCs, this nominal electric field strength

is approximately 275 V/cm. As the electrons drift through the gas, they collide with

atoms in the gas, losing energy. This limits the maximum velocity they can attain.

The average velocity of the ionization electrons as they drift towards the end of the

TPCs is called the drift velocity. Good knowledge of the drift velocity is essential to

using the arrival time of the ionization electrons to reconstruct the 3D track position.

For the ND280 TPCs, the drift velocity is approximately 78.5 mm/µs, and it is one
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of the quantities monitored by the calibration systems discussed in Section 4.4.

In a gas, absent an electric field, the ionization electrons would undergo diffusion,

before the random nature of that process brings them back to a position where they

recombine with the ion. Although the presence of the electric field in the drift di-

rection causes them to move on average in the drift direction, diffusion still occurs,

broadening the distribution of the ionization electrons in all directions, affecting the

resolution of the position measurement of the track. Diffusion along the drift direc-

tion is referred to as longitudinal diffusion, and diffusion perpendicular to the drift

direction is referred to as transverse diffusion. For TPCs in a magnetic field (such as

the ND280 TPCs), the magnetic field is oriented parallel or antiparallel to the electric

field. As a result, any transverse diffusion has the Lorentz force acting to counter

it, bending the ionization electrons back towards the straight line between their pro-

duction point and the readout plane. The magnetic field therefore helps reduce the

magnitude of the transverse diffusion.

Once the ionization electrons have drifted to the end of the TPC (i.e. through the

drift region), they have arrived at the readout plane. The electrical signal produced

by the small amount of charge of the ionization electrons alone would be highly sus-

ceptible to electrical noise, so amplifying the signal in the gas is desirable. The ND280

TPCs accomplish this amplification and subsequent readout using Micromegas mod-

ules [39, 23]. Each Micromegas module consists of a fine wire mesh (the micromesh)

suspended 128 µm above charge readout pads. The wire is biased to -350 V, rela-

tive to the grounded pads. This results in a 27.4 kV/cm electric field between the

micromesh and the pads (the amplification region of the detector). This region of

intense electric field accelerates the electrons within it sufficiently to create a cascade

of ionizations of the gas. This produces a gain of approximately 2000 (i.e. each ion-

ization electron arriving at the Micromegas results in approximately 2000 electrons

collected by a pad.) In addition to the gas composition, the gain is dependent on the

density of the gas, and therefore its temperature and pressure. Variations in gain are

mostly from atmospheric pressure variations, which are measured and corrected for

in calibrating the TPCs.

After being collected in the pads, the charge signal of each pad (including its

arrival time) is digitized by the readout electronics and stored. Once ND280 data

collection for a given run period is complete, it undergoes processing, which includes

applying calibrations, and use of an algorithm to reconstruct the particle trajectories

using the pad positions, charge arrival times, and information on position and timing
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from other ND280 subdetectors. The amount of charge collected by the pads is used

to identify the particle that produced the track. How this is done is discussed in the

next section.

A full discussion of the spatial and momentum resolution of the TPCs is given

in [10]. To give a rough summary of the figures therein, the spatial resolution per

column of pads is typically 0.7 mm, and the transverse momentum resolution is

typically 10% at 1 GeV/c. An example event display is shown in Figure 4.1.

Figure 4.1: An event display including the three TPCs (in light brown, TPC1 on the
left, TPC2 in the middle, and TPC3 on the right) and the two FGDs (in green, FGD1
between TPC1 and TPC2, and FGD2 between TPC2 and TPC3), where the beam
would be coming in from the left. In this event, there was one neutrino interaction
in front of TPC1, producing the track coming in at top left. A second neutrino
underwent a deep inelastic scatter interaction near the bottom of FGD1, the resulting
particles producing many tracks of different momenta (and therefore curvature in the
magnetic field). The neutrino interactions selected for study in Chapter 5 would
typically involve a smaller number of particle tracks. From [10].

4.1.3 Particle identification in the TPCs

As discussed in Section 4.1.1, the expected number of ionization electrons produced

along the track of a charged particle in the TPC is a function of its speed. These ion-

ization electrons are drifted to the Micromegas modules, which amplifies this charge

proportionally to a signal suitable for the readout electronics. In this way, the TPCs
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can measure the dE/dx of the charged particles passing through it. A comparison of

dE/dx values reconstructed in data, and the expected values for each particle type

are shown in Figure 4.2.

Figure 4.2: Comparison of dE/dx as a function of momentum, measured with neutrino
beam data by the TPCs for negative particles (left) and positive particles (right), with
the expected value for each particle shown for comparison. From [10].

Once the dE/dx value for a reconstructed particle track has been determined, it

is compared to the expected value for various particle types (electron, muon, proton,

and pion) through a quantity called the pull, defined in Equation 4.1 [32], where

(dE/dx)meas is the measured dE/dx for the reconstructed track, (dE/dx)exp,i is the

dE/dx expected for particle of type i at the measured momentum, and σ(dE/dx)exp,i

is the uncertainty in the expected dE/dx for a particle of type i at the measured

momentum.

δE(i) =
(dE/dx)meas − (dE/dx)exp,i

σ(dE/dx)exp,i

(4.1)

That is to say, the pull gives the number of standard deviations the measured dE/dx

is from the expected value for a particle of type i. An important example is shown in

Figure 4.3. There the electron pull is calculated for a sample of through going muons.

The probability of identifying a muon as an electron is 0.2% for −1 < δE(e) < 2,

for tracks below 1 GeV/c. This demonstrates that the TPCs can differentiate well

between muons and electrons in the momentum region of most particles travelling

through the TPC. So, for example, intrinsic νe in the beam that interact via Charged

Current processes would be distinguished from νµ CC interactions.

In order to use the pulls to determine which of the different particle hypotheses

for the reconstructed track is most likely, the pulls are used to calculate a statistic,
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Figure 4.3: The electron pull as a function of momentum for a sample of through
going muons, demonstrating a good capability to reject the electron hypothesis for
true muons for −1 < δE(e) < 2. From [10].

Li, as shown in Equation 4.2 [32].

Li =
e−(δE(i))2∑
` e

−(δE(`))2
(4.2)

The statistic is calculated for each hypothesis (muon, proton, electron, and pion),

where the denominator is the sum over each of these hypotheses. The sum of the

statistics for each hypothesis is therefore equal to 1. In making the event selections

described in Chapter 5, cuts based on these statistics were determined based on their

ability to properly identify simulated particles, and a systematic uncertainty was

assigned to account for possible mis-modelling of the detector response.

4.2 Detector configuration

As shown in Figure 3.5, ND280 contains 3 TPCs having the same design:

• TPC1 between the P0D and FGD1.

• TPC2 between FGD1 and FGD2.

• TPC3 between FGD2 and the Downstream ECal.
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A simplified cut-away drawing of the TPC design is shown in Figure 4.4. Each

TPC has an Inner Volume (IV) and an Outer Volume (OV). The exterior of the OV

is made of aluminum and aluminum/rohacell laminates, and is electrically grounded.

The OV of each TPC is constantly flushed with CO2 at a rate of 2.0 l/min. The CO2

has a sufficiently high breakdown voltage to act as an electrical insulator for the high

voltages used in the IV, and any CO2 that diffuses into the IV can be easily removed,

as discussed in Section 4.3.3.

Figure 4.4: A cutaway drawing showing the structural components of a TPC. The
outer box has exterior dimensions 2302 × 2400 × 974 mm (x × y × z in the co-
ordinate system shown in Figure 3.5), and the inner box has exterior dimensions
1808×2230×854 mm, excluding the Micromegas module frames. Along the neutrino
beam dimension (z), the interior dimension of the inner box is 772 mm. The distance
between the central cathode and the Micromegas modules (i.e. the maximum drift
distance) is 897 mm. From [10].

The IV is further subdivided into two separate volumes, separated by the central

cathode. During normal operation, a voltage of -25 kV is applied to the central

cathode. The IV walls are made of G10 and G10/rohacell laminates, and are covered

with a series of copper strips, which run around the walls of the TPC, parallel to the
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central cathode. The strips are electrically connected via precision resistors. This

configuration is a voltage divider, and creates a nominally uniform electric field along

the drift direction.

The IV is filled with a mixture of 95% argon, 3% CF4, and 2% isobutane, and is

kept at a pressure of 0.4 mbar ± 0.1 mbar above the OV pressure, with a constant

input flow rate of 10.0 l/min, and a variable output flow rate. The motivations for

the IV gas mixture and the details of the Gas Handling System are discussed further

in Section 4.3.

Finally, at each end of the IV are 12 Micromegas modules. They are positioned in

two columns which are vertically offset from each other, so that the gaps between mod-

ules (i.e. a dead region oriented in the same direction as the tracks to be measured)

are not aligned between the two columns. Each Micromegas module is subdivided

into 48 rows of 36 pads, for a total of 1728 pads, of which a 2 pad equivalent area in

one corner is reserved for the voltage supply, and 1726 pads are used for the charge

collection readout, providing good spatial resolution for track reconstruction.

Operation with a differential pressure of up to 5 mbar between the Outer Volumes

and atmosphere was indicated to be structurally possible by tests. In order to ensure

that overpressures or underpressures sufficient to damage the TPCs cannot occur,

each TPC Inner and Outer Volume input and the combined Inner and Outer Volume

outputs are protected by a device called a bubbler (for a total of 8 bubblers). A

bubbler relies simply on a glass tube submerged in a low vapour pressure liquid

(in this case dibutyl phthalate) to a depth corresponding to the pressure at which

pressure relief is required. This entirely non-mechanical device therefore provides a

way to ensure that damaging differential pressures do not occur (for example, due to

device malfunctions) by either bubbling out gas on an overpressure, or bubbling in

air on an underpressure.

During experiment shutdown periods where the TPCs are not in use, they are put

into Standby Argon Mode. In this configuration, approximately 0.25 l/min of argon is

flowed into each of the Inner and Outer Volumes and then out to exhaust at ground

level. This mode of operation is maintained solely with manually operated devices,

and therefore operates even in the absence of power. The purpose of this mode of

operation is to keep the TPCs clean and dry for their next use (otherwise the bubblers

would suck in ambient air from the service level as atmospheric pressure fluctuations

required).
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4.3 Gas Handling System

As discussed earlier in this chapter, the function of the TPCs is dependent in many

ways on the properties of the gas they contain. The gases the TPCs depend on

are provided by the Gas Handling System, made up of multiple components. In this

section, the important components and their functions are discussed, along with their

impact on the operational goals of the TPCs. Where it is necessary to include pressure

setpoints and values, the unit barg denotes a pressure relative to atmospheric pressure,

bara denotes an absolute pressure relative to a vacuum (i.e. ambient atmospheric

pressure is approximately 1 bara, or 0 barg), and if the pressure is a differential

pressure between two volumes, the pressure difference will be expressed in bar. A

simplified schematic of the Gas Handling System is shown in Figure 4.5.

4.3.1 Inner Volume gas composition and supply

The gas mixture chosen for the TPC Inner Volumes is a mixture of 95% argon,

3% CF4, and 2% isobutane. This mixture has a high drift velocity, low transverse

diffusion, and the Micromegas modules work well with it. Each of the gas components

plays a specific role in the operation of the TPCs. Argon makes up the majority of

the gas mixture. It has a low primary ionization energy (15.8 eV), which encourages

the production of ionization electrons. Also, as a noble gas, its full shell of electrons

means that other argon atoms in the gas volume are unlikely to attach to drifting

ionization electrons. Finally, as the third most abundant constituent of air, argon is

reasonably low-cost to purchase.

CF4 increases the drift velocity and reduces the transverse diffusion, and both

CF4 and isobutane play a role in the process known as quenching. In addition to

ionization, the argon atom could instead receive only enough energy (11.6 eV) to

enter an excited state. A photon is produced in the deexcitation that follows, which

is capable of producing additional electrons by ionizing both the central cathode

and the Micromegas wire mesh. If more ionization electrons are produced in the

Micromegas wire mesh by photons produced in amplification process, new cascades

will continuously be started, producing continuous discharge throughout the detector.

At best this would blind the detector to subsequent particle tracks travelling through

it, and at worse even damage the equipment.

In order to prevent this from happening, polyatomic gases (referred to as quench

gases) are added to the gas mixture, which can absorb the photons and dissipate the
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Figure 5: Simplified schematic of the gas system. The horizontal lines show the division of the equipment between the
gas supply area and gas mixing rooms on the surface, the detector level, and the service stage level below the detector.
The left (right) part of the figure shows the components for the Gaps (TPCs).

12

Figure 4.5: A simplified schematic of the Gas Handling System. From top to bottom,
the dashed lines separate the schematic based on the location of the equipment: gas
cylinder bays, the mixing room at ground level, the detector level, and the service
stage level. On the left (in blue) is the part of the system servicing the Outer Volumes
(Gaps) and on the right (in green) is the part of the system servicing the Inner
Volumes. From [10].

energy through dissociation or elastic collisions. It is this role that CF4 and isobutane

perform in the ND280 TPC gas, with isobutane required as a quench gas for use of

the Micromegas modules.

During normal operation, each TPC Inner Volume is supplied a constant flow of

10 l/min of this gas mixture, for a total of 30 l/min. The gas mixture is prepared

onsite from separate supplies of argon, CF4 and isobutane, mixed together with mass

flow controllers. During normal operation, a 3 l/min flow of fresh mixed gas is supplied

by mixing 2.85 l/min Ar, 0.09 l/min of CF4 and 0.06 l/min of isobutane, which is

combined with 27 l/min mixed gas from the TPC Inner Volume outputs (a 90%
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recycling rate.) This configuration ensures that diffusion of nitrogen (from air) into

the mixed gas does not build up to levels that would affect the gas properties, while

keeping gas costs reasonably low. As discussed in Section 4.3.5, the TPC Inner

Volume output flow rate is variable as a function of ambient pressure conditions, so

a buffer tank is included in the recirculation loop to provide a reservoir of gas to

draw from should the output flow drop temporarily below the 27 l/min required for

this operating mode. Also present are a second set of higher flow but less precise

mass flow controllers capable of providing the full 30 l/min flow. They are used to

purge the Inner Volumes to transition from Standby Argon Mode to the normal gas

mixture.

4.3.2 Support subsystems

Some components of the Gas Handling System require additional design considera-

tions in order for them to function properly. As a result, a subsystem for keeping

the isobutane at the desired temperature, and another subsystem for supplying pres-

surized air are included in the Gas Handling System. Both these subsystems are

described in this section.

Isobutane heating

As discussed in Section 4.3.1, the TPC gas mixture contains 2% isobutane. In order

to ensure that the pressure drop across the mass flow controller is sufficient for it to

operate properly, an interlock requires an isobutane supply line pressure of at least

1.6 barg. Regulators attached to each bottle have setpoints at 2.4 barg and 2.1 barg,

so that a drop in pressure can be used to signal that a bottle has been depleted, with

a “Warning” setpoint at 2.2 barg to notify the operator that this has occurred.

Argon and CF4 are delivered in 47 l bottles pressurized up towards ∼150 barg.

However, the vapour pressure of isobutane is sufficiently low at ambient temperatures

that pressures higher than ∼2 barg result in the isobutane liquifying. Therefore,

isobutane is delivered in bottles containing 10 kg of liquid isobutane, and the pressure

the bottle supplies is the vapour pressure of isobutane at the temperature of the

bottle. In order to attain the required pressures and ensure that isobutane does not

condense in the supply lines, temperatures must be kept above 25◦C, requiring a

heating system for the isobutane bottles and the lines up to the mass flow controllers.

Once the isobutane is mixed with the argon and CF4, its partial pressure is low enough
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that no heating of the mixed gas lines are required. J-PARC safety regulations also

require that the isobutane bottles not be heated above 40◦C.

The heating near the mass flow controllers is provided by electrical heating tape,

which the control system uses to nominally keep the tubing near 30◦C, turning the

tape on and off according to the temperature measurement from a thermocouple.

From the bottles to the equipment rack, a non-electrical heating method must be

used, so that electrical devices are not located in the flammable gas storage room

(to reduce the risk of explosion in the event of a leak). This is accomplished with

nominally 45◦C water, heated up in an adjacent room by a chiller, which acts as a

heat pump, pumping heat from the air in the room into the water. Water is pumped

from a reservoir through the chiller, and then divided off into three separate streams:

one for each of the two isobutane bottles, and one for the tubing from the bottles

to the mass flow controllers. This arrangement ensures that when a new, cold bottle

is connected, the heating of the other bottle and the tubing is not compromised.

Each bottle is sealed in a separate side of an insulated box, and its temperature

monitored by the control system with a thermocouple, as well as separate mechanical

thermocouple that will shut off the flow of water to a side of the box if its bottle

reaches a temperature of 40◦C. Additional thermocouples connected to the control

system monitor the isobutane line temperature both in the flammable gas room and

near the mass flow controllers, and are used as inputs to interlocks in the control

system, shutting off the flow of isobutane if temperatures get too low.

Pressurized air supply

In addition to a supply of air being necessary for flushing TPC volumes prior to

maintenance (to ensure a breathable atmosphere), the Gas Handling System contains

many valves whose states are changed using pressurized air (between 4.0 barg and

4.5 barg). Two types of air-actuated valves are used in the gas handling system:

1. Air-actuated poppet valves: The air pressure moves a poppet that would oth-

erwise be held in the default position by a spring. At the end of the poppet

is a needle, that blocks the flow of gas when the valve is closed, and allows its

passage when opened. Unlike solenoid valves, the air actuated poppet valves

are resistant to being opened by application of a backpressure. They also have

a lower purchase price and lower power requirements.

2. Air-actuated ball valves: The air pressure acts to rotate the ball mechanism of
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the valve, countering a spring that would otherwise return it to its default state.

These valves are on the main, high flow lines in the recirculating gas loop. They

cost-effectively provide a large aperture (and therefore low resistance to high

flow), and backpressures cannot affect their state.

In both of these cases, for each valve there is a small solenoid actuator controlled by

the control system, which provides the compressed air to the valve as needed to change

its state. The initial plan involved using bottled gas to supply the necessary pressure

to actuate these valves, as it was thought that only a small amount of gas would be

required on a fairly infrequent state change. However, during testing at TRIUMF the

solenoid actuators were discovered to leak at approximately 130 cc/min/valve. This

amounts to approximately 6 l/min leaking from this system to supply the valves at

ground level alone, which is a flow rate high enough to drain a standard 47 l bottle

pressurized to 15 MPa in less than a day. A more cost-effective solution was therefore

desired.

By the time of system installation in 2009, such a pressurized dry air supply was

available on the service level of the ND280 pit (shown in Figure 3.3). This system

consists of an oil-less dry air supply meant for use in a dental practice, which supplies

dry air to the ND280 subdetectors, to protect them from the otherwise high humidity

ambient air at J-PARC. The TPC Gas Handling System components on the service

level were therefore connected into this system, using a regulator to bring the pressure

down to the desired range, and drawing a miniscule flow rate of air in comparison to

the dry air needs of ND280.

However, a large fraction of the Gas Handling System devices are located at

ground level, where no supply of pressurized air was available. From commissioning

in 2009 until early 2014, this air was supplied with an oil-less air compressor meant for

painting applications (acquired at a local hardware store), whose output was attached

to a simple filter/dryer. After a few years of successful operation the original unit had

failed, and its replacement had inexplicably shut down during normal operation not

long after. Since failure of the compressed air supply results in the TPCs being shut

down and stoppage of data taking, a change to this configuration was contemplated

in order to improve its reliability. Ultimately, the following improvements were made

in 2014:

• A more robustly-constructed oil-less air compressor, designed for constant op-

eration in industrial applications, was purchased, along with a spare.
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• The water drainage output of this air compressor was connected to an auto-

drain device, which prevents water from building up inside the tank, and does

so without compromising the supply pressure of the air compressor.

• A backup bottle of dry air was purchased and connected into the system. Its

regulator is set to deliver sufficient pressure to operate the valves, but far enough

below that supplied by the compressor that an alarm would alert personnel in

the control room that it was supplying air instead of the compressor. Should

the compressor fail, it would be possible to swap in the spare air compressor

without any interruption in data taking.

This improved system therefore provides greater reliability and the ability to rem-

edy any malfunctions before they affect detector operations.

4.3.3 Purification

With 90% of the gas sent to the TPC Inner Volumes recycled, the issue of maintaining

its purity requires some consideration, since contaminants can affect the properties

of the gas, and therefore the operation of the detector. Although the Inner Volumes

are kept at a positive pressure relative to the Outer Volumes, CO2 can still diffuse

from the Outer Volumes to the Inner Volumes. In addition, air can diffuse through

fittings elsewhere in the system, introducing nitrogen, oxygen, and water vapour into

the gas. Nitrogen is sufficiently inert that it cannot be removed, so its levels are kept

down with the input of fresh gas. However, there are options for removing the other

gases, which the Gas Handling System makes use of.

The removal of CO2 and H2O from the gas is accomplished by adsorbing it to a

highly porous material, the ceramic 5A Molecular Sieve. As for O2, it is removed from

the gas by its participation in the oxidation of the activated copper catalyst BASF

R3-11. To include these materials in the gas stream, 9.6 l of molecular sieve and 5.4 l

of R3-11 are placed inside each of two stainless steel cylinders, and referred to as the

purifiers. Each purifier’s temperature is controlled using thermocouples and electrical

heaters, and they are thermally insulated. During normal operation, one of the puri-

fiers is in use, downstream of where the recycled and fresh gas mix together, and its

temperature kept at 24◦C. Having two purifiers allows the second to be regenerated,

which is accomplished by heating it up to 180◦C and flowing clean argon through it

(to knock the CO2 and H2O from the molecular sieves) and subsequently flowing a



56

mixture of argon and up to 10% hydrogen, to reduce the oxidized R3-11, removing

the oxygen in the form of water. The purifiers are not, however, solely specific to

contaminants, and will also absorb CF4 and isobutane, but thankfully only up to a

maximum amount. The purifier therefore must be pre-saturated in CF4 and isobu-

tane before being used during normal operation. This is currently accomplished by

inserting a fresh purifier at the beginning of the purge transition from Standby Argon

Mode to normal operation (with saturation of both gases occurring approximately

75 minutes into the purge), though a dedicated procedure for pre-saturation using

system exhaust also exists.

In practice, CO2 levels were found to rise toward approximately the 100 ppm limit

specified as acceptable, and level off there due to the diffusion rate into the Inner

Volumes matching the removal rate from the addition of fresh gas. Since stable CO2

levels are more conducive to stable detector operation than a level steadily rising then

suddenly dropping to zero with the insertion of a new purifier, regenerated purifiers

are only inserted at the start of a running period. In addition, O2 levels have never

been significant, and after a few years of operation the dry gas input coupled with the

dessicating effect of the purifiers has removed most residual water from the TPCs,

leading to H2O levels below 1 ppm.

4.3.4 Composition analysis

Monitoring gas composition is an important part of ensuring good gas quality and

ensuring that the TPCs are operated safely. To this end, the Gas Handling System

contains four analyzers: an isobutane safety monitor, a water analyzer, an oxygen

analyzer, and a multigas analyzer. Each of these analyzers is discussed below.

With the exception of the isobutane safety monitor, the analyzers can sample

from multiple locations in the Gas Handling System. In practice, they spend most

of their time sampling the gas recirculating from the TPC Inner Volumes, with a

2 hour period each day spent monitoring the gas at the output of the purifier that is

in use, monitoring the purifier performance. Both sampling regimes use a flow rate

of 0.5 l/min.

Isobutane safety monitor

The isobutane safety monitor is a General Monitors IR-2100, which was formerly used

in the BaBar experiment. It is placed downstream of the purifiers, right before gas is
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sampled by the monitor chambers (described in Section 4.4.1). It uses characteristic

infrared absorption of the carbon-hydrogen bonds in isobutane to measure the per-

centage of isobutane in the gas flowing through it. This percentage measurement also

includes temperature and pressure corrections performed inside the control system.

The measurement of this safety monitor has two important interlock levels associ-

ated with it. J-PARC safety regulations prohibit sending a gas mixture containing in

excess of 3% isobutane to the TPCs. Alternatively, if the gas mixture were to contain

less than 1% isobutane, the Micromegas modules could be damaged, as discussed in

Section 4.3.1. Therefore, the isobutane safety monitor’s reading would stop the flow

of gas to the TPCs in both of these cases.

Water analyzer

The water analyzer is a Manalytical Pico-View, which uses a solid state sensor to

measure H2O levels ranging between 0 ppm and 1000 ppm. Although it has presented

no trouble in its operation, if the sampling tubing has not been exposed mostly to

dry gas, then diffusion of water in from the air can cause readings to be high until the

tubing is dried sufficiently. Normal monitoring of the recycled gas and of the gas at

the purifier output does not present this problem, but this is a concern for sampling

from other areas of the system or checking this analyzer’s calibration.

Oxygen analyzer

The O2 molecule is highly electronegative, and its presence in the TPC gas in excess of

10 ppm would have a significant impact on the performance of the TPCs by attracting

and binding to ionization electrons. The main source of oxygen in the TPC gas is

from air diffusing through fittings, though a rise in oxygen content could indicate the

development of a leak somewhere in the system.

The original oxygen analyzer in the Gas Handling System was a MecSens Series

511. It used an electrochemical method to measure the oxygen content of the gas, and

was capable of making measurements from the ppm level up to the percentage in air.

This range allowed for both monitoring of normal operation, and measuring breatha-

bility prior to opening the TPCs for maintenance. This analyzer’s electrochemical

technique also required regular cleaning of the electrodes, which was performed by a

dedicated electronic cleaning station. In October 2012, the electrodes had degraded

sufficiently that the cleaning station could no longer function. Neither repair nor
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replacement was possible, as the product line had been discontinued as part of the

sale of the manufacturer.

Based on past TRIUMF experience with their reliability, plus general availability

of used units at low cost, a used Delta-F FA31110A was purchased, tested at the

University of Victoria, then tested, commissioned, and its calibration verified in Japan

in May 2013. Since operational experience deemed the measurement of oxygen at

the ∼ 20% level to be non-crucial, its maximum possible oxygen measurement of

10000 ppm was deemed sufficient. Its electrochemical technique (likened to a fuel

cell) does not produce a requirement for electrode maintenance. The only regular

maintenance required is periodically topping off its electrolyte reservoir with distilled

water.

Multigas analyzer

The multigas analyzer is an ADC MGA-3000, designed to be capable of measuring

CO2 contamination as well as the isobutane and CF4 content of the gas. Like the

isobutane safety monitor, it was designed to do so using the characteristic infrared

absorption of the molecular bonds in each of these gases. In practice, it required an

extensive set of polynomial corrections to be applied, based on the content of the

other gases and on pressure and temperature conditions. Even then, the isobutane

reading was deemed completely untrustworthy, to the point of using a fixed value of

2% or the isobutane safety monitor reading as the input to the correction calculations.

Its monitoring of CO2 and CF4 has nonetheless been found to be fairly accurate, and

provided reasonable measurements of gas quality.

4.3.5 IV-OV differential pressure control

Since the properties of the gas needed for accurately reconstructing events are pressure

dependent, it is important to understand the pressure inside the TPC Inner Volumes.

How this is accomplished is described below.

As discussed earlier, the flow rates into each TPC Outer Volume are the same,

and the flow rates into each TPC Inner Volume are the same. The outputs of the

Outer Volumes are linked together into a manifold, and the Inner Volumes outputs

are linked together into a separate manifold, in both cases via wide diameter tubing,

so measuring the pressure at the manifold effectively measures the pressure of the

corresponding 3 volumes.
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During normal operation, the Outer Volume exhaust is connected to a vent that

is below the centre of the TPCs by 7 m. At this 6 l/min flow of normal operation,

this produces a differential pressure between the Outer Volumes and atmosphere of

approximately 0.2 mbar, due to a combination of the resistance in the tubing and

the negative pressure head due to the lower elevation. A small positive pressure

relative to atmosphere is therefore maintained (so that air is not drawn into the

Outer Volumes), while the much larger pressure head required to exhaust 22 m up to

the surface (1.3 mbar, due to the weight of the CO2) is avoided.

The configuration of the Inner Volumes is more complicated. The need to recir-

culate gas places a requirement that at some point the TPC Inner Volume output

reach a pressure of ∼ 1 barg, which is the normal line pressure, required for the TPC

input mass flow controllers to reliably supply flow to the TPC Inner Volumes with a

pressure near 0 barg. To create this higher output pressure, a pump is used. How-

ever, fluctuations in atmospheric pressure would produce fluctuations in the Inner

Volume pressure, which the constant action of the pump would be unable to mod-

erate. Therefore a mass flow controller is used to flow gas back from the output of

the pump towards the Inner Volume output manifold. How wide the solenoid valve

of the mass flow controller is opened is determined by a PID (Proportional-Integral-

Derivative) algorithm coded into the control system, taking input from a pressure

transducer measuring the differential pressure between the Inner and Outer Volumes,

and with desired setpoint of 0.400 mbar. However, since there is a delay inherent

in communication with the mass flow controller, the resulting discontinuity in the

solenoid setpoint was found to produce instability with the Derivative component

(how fast the pressure is changing), so only the Proportional (how far the pressure

is from the setpoint) and Integral (how far the pressure has been adjusted so far)

components of the PID algorithm are used. The tuning was devised through trial

and error in testing at TRIUMF and after installation at J-PARC. This pressure

control system keeps the differential pressure between the Inner Volumes and Outer

Volumes at 0.400 mbar ± 0.100 mbar, therefore ensuring the stable pressures needed

for stable detector operation. The differential pressure requirements are primarily

motivated by mechanical concerns. The differential pressure must be kept stable to

within 0.100 mbar to keep the walls and the readout plane mechanically stable. The

setpoint value of 0.400 mbar was chosen to be comfortably above 0 bar in order to

ensure that CO2 is not drawn into the Inner Volume. However, the maximum dif-

ferential pressure between the IV and OV needs to be kept below 1 mbar to prevent
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breaking joints.

4.3.6 Control system

In order to provide the functions described in the previous sections, the Gas Handling

System contains more than 250 devices, including valves, flow meters and controllers,

pressure transducers, gauges, and regulators, gas analysers, pumps, thermocouples,

and heaters. Of these devices, approximately 170 of them accept an electronic sig-

nal for control, and/or provide an electronic signal for readback. These devices are

connected into a Programmable Logic Controller (PLC) (Schneider Electric’s Modi-

con Quantum platform), via various modules providing digital inputs/outputs, relay

contacts for providing higher current power, analog inputs, or Modbus RTU.

Inside the PLC code, these inputs and outputs are associated with the corre-

sponding devices, providing a platform for monitoring and controlling the devices.

In addition, a comprehensive set of interlocks is included, in order to automatically

prevent unsafe or undesirable operation of the devices.

The human interface to the PLC is provided with two separate software frame-

works. The EPICS software package is used to provide the graphical user inter-

face. The EPICS interface is laid out in approximately the same way as the system

schematic, but providing buttons for device control, numerical fields for setpoint val-

ues, and coloured status and numerical readouts for devices as appropriate. Each

device also has a detail panel associated with it, providing a visual representation of

the interlocks affecting the device, and the ability to open the detail panel of any

device participating in the interlock. The MIDAS ND280 slow control software also

pulls information from the PLC. It provides a long term history of device readback

values, a display resembling the system schematic, as well as a link into the ND280

Control Room alarm framework, with various alarms set to alert detector operators

to problems with the Gas Handling System.

In combination, the PLC and its EPICS and MIDAS interfaces provide automated

control of the system, the opportunity for operator input, and constant monitoring

of system conditions. This allows the TPC Gas Handling System to maintain a solid

record of stable operation in support of data taking.
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4.4 Calibration systems

In order to make reliable measurements using the TPCs, the properties integral to

their operation must be well understood. Two TPC subsystems help accomplish this:

the Gas Monitor Chambers and the Laser calibration system.

4.4.1 Gas Monitor Chambers

The Gas Monitor Chambers are two “mini-TPCs” installed amongst the ground level

components of the Gas Handling System where gas is mixed. They are each 1 l in

volume, and are designed to have the same drift field as the TPCs. The Micromegas

modules they use are smaller than that of the TPCs, but were produced the same way.

One of the Gas Monitor Chambers samples the gas being sent down to the TPCs, and

the other samples the gas returning from the TPCs. Both do so at a rate of 0.1 l/min,

which corresponds to a full volume change every 10 minutes. The ambient pressure

and temperature are also monitored, as these affect the gas properties as well.

One of the properties measured by the Gas Monitor Chambers is the gas gain.

This is accomplished by using a 55Fe x-ray source. 55Fe decays into 55Mn by electron

capture, that is, an electron from its electron shell and a proton from the nucleus

undergo the process p+ e− → n+ νe. In the resulting reorganization of the electron

shell, an x-ray is sometimes emitted, at an energy of 5.9 keV. When an x-ray interacts

inside the gas, it tends to deposit all of its energy inside the Gas Monitor Chamber,

producing a known number of electrons. These electrons drift to the Micromegas, and

the resulting signal is recorded. This occurs multiple times over a 10 minute period,

and the resulting distribution is compared to the expected number of electrons from

the 5.9 keV x-ray, and the gain is calculated.

The other gas property measured is the drift velocity. This is accomplished by

using two 90Sr sources, placed above the chamber at different distances from the

Micromegas module along the length of the chamber. 90Sr decays via β-decay to
90Y. The resulting electron produces a track inside the chamber. If the electron

reaches the scintillating fibre below the chamber directly below one of the sources, a

drift velocity measurement is triggered. The two sources therefore produce two tracks

with a well defined separation distance between them, perpendicular to the drift field.

By comparing the drift times between the two tracks, the drift velocity is calculated.
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4.4.2 Laser calibration system

Since reconstructing charged particle tracks relies on electrons drifting to the readout

planes in a predictable way, it is important to understand the drift of the electrons,

which can be affected by distortions in the electric and magnetic fields inside the

TPCs. In addition, performing a measurement of the drift velocity inside the TPCs

themselves is a useful cross-check to the measurement performed by the Gas Monitor

Chambers. These measurements are performed by the laser calibration system.

The design element included in the TPCs for this purpose is a pattern of dots and

strips on the central cathode, which is shown in Figure 4.6. The surface of the central

cathode is made out of copper. The dots are 8 mm diameter circles of aluminum,

glued to the central cathode surface. The strips are also made of aluminum, and are

4 mm wide, and allow measuring the transverse size of the ionization. An Nd:YAG

laser is sealed in an equipment rack on the floor below the detector, and 18 quartz

optical fibres are used to transmit the laser pulse to the TPCs. Each quartz fibre is

positioned to illuminate a region of the central cathode measured by 4 Micromegas

modules, and an electromechanical multiplexor changes the position of a mirror inside

the laser rack to choose which optical fibre is used.

Figure 4.6: Pattern of aluminum dots and strips (for one Micromegas module) on
both sides of the central cathode of the TPCs, which the laser calibration system
uses to produce a corresponding pattern of photoelectrons for use in TPC calibration.
The grid pattern gives the position of the pads, projected onto the central cathode.
From [10].
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A flash of 266 nm light produces electrons via the photoelectric effect in the

aluminum dots, but not the surrounding copper. These electrons will drift to the

Micromegas modules to be read out. Since the firing of the laser gives a definite time

for the photoelectron emission, and the distance between the central cathode and the

Micromegas is known, the time of the drift can be measured and used to determine

the drift velocity. Electric and magnetic field distortions would affect the pattern of

the dots and strips being reconstructed. The measured distortion of this pattern can

be used to apply corrections to the reconstruction of events. The expected spatial

resolution with approximately 100 photoelectrons per dot is better than 0.5 mm

(dominated by transverse diffusion.)
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Chapter 5

Event selection at ND280

The placement of ND280, 280 m from the beam target, results in a very high neutrino

interaction rate, in comparison to Super-Kamiokande. This allows ND280 measure-

ments to measure the neutrino beam flux, as well as to study how neutrinos interact

with matter. In order to study neutrino interactions, ND280 events are selected into

a number of samples meant to be dominated by the different interactions of interest.

In this chapter, these samples and sources of systematic uncertainty are discussed.

5.1 Considerations

In Section 3.3.2, the ND280 detector was introduced as containing multiple subdetec-

tors, with various design features meant to enable multiple types of measurements.

The main considerations in defining the ND280 selections used for the neutrino oscilla-

tion analysis are that the selected samples are sensitive to the models for the neutrino

beam flux (Section 6.2.2) and neutrino cross sections (Section 6.2.3), and that the

systematic uncertainties related to the detector model are properly quantified.

As will be discussed in Section 6.2.2, the neutrino flavour composition of the beam

is highly correlated between neutrino mode and antineutrino mode, and between the

different neutrino flavours and energies. Therefore, any high purity large sample of

muon neutrino or antineutrino interactions would be sufficient to constrain the flux

model parameters.

For the cross section model, the overall goal of the ND280 measurement is to

reduce uncertainty for the signal process (CCQE), and for the background pro-

cesses (CCRES and CC 2p-2h being especially important, though other CC pro-
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cesses and NC processes are present.) Therefore, restricting consideration to the

easier-to-measure Charged Current processes goes a long way towards constraining

signal and background, and any effort to separate out individual processes within

this CC-Inclusive sample would better constrain the model parameters for the pro-

cess, provided that a sufficiently large number of events is in the sample in question.

Although there is some material dependence in the model, measurements of neutrino

interactions on carbon at ND280 constrain many model parameters that also apply

to interactions on oxygen at Super-Kamiokande.

Whether the data is being taken in neutrino beam mode or antineutrino beam

mode is also important to consider in designing the ND280 selections. As the beam

production process involves colliding positive particles (protons) with positive and

neutral particles (protons and neutrons), there is a natural preference towards pro-

ducing π+ over producing π− in the beam target. This leads to a νµ flux in neutrino

mode that is 20% higher at its peak than the ν̄µ flux in antineutrino mode, but also

means that in antineutrino mode there are more high energy π+ that the horns do

not bend out of the beam. As a result, the wrong sign component of the antineutrino

beam (i.e. neutrinos) is larger than the wrong sign component of the neutrino beam

(i.e. antineutrinos).

In addition, neutrinos and antineutrinos have different cross sections for interac-

tion with matter. The world data on the CC-Inclusive and CCQE cross sections for

neutrinos and antineutrinos (Figure 49.1 and 49.2 respectively of [79]) show that the

neutrino/antineutrino cross section ratio is about 2 at high energies, and about 4 at

peak energy of the T2K energy spectrum. Antineutrino interactions are therefore

suppressed relative to neutrino interactions.

As a result of these flux and cross section effects, the antineutrino background in

neutrino mode is negligible, but the neutrino background in antineutrino mode is not.

The neutrino background in antineutrino mode makes up an irreduceable background

at Super-Kamiokande, since it cannot determine the charge of the lepton produced

in the Charged Current neutrino interaction. Therefore, although it is reasonable

to design the ND280 selection to assume that only neutrino interactions occur in

neutrino mode, it is important for the antineutrino mode selection to attempt to

distinguish between neutrino and antineutrino events.

Finally, there is the issue of detector systematic uncertainties. Advanced treat-

ments of the systematic uncertainties in modelling FGD1 and TPC measurements

of particle properties had been developed for earlier T2K analyses (such as [8]). Al-
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though using other ND280 subdetectors would open up new possibilities for constrain-

ing models, at the time of this analysis the treatments of the systematic uncertainties

had not advanced sufficiently to do so. The small amount of antineutrino beam mode

data collected at Super-Kamiokande also suggested that the antineutrino oscillation

measurement (discussed in Chapter 7) would be statistics limited. Therefore, push-

ing forward with the familiar ND280 neutrino mode event selection and antineutrino

mode event selection, with well-understood detector systematic uncertainties, was

deemed sufficient for this muon antineutrino disappearance analysis.

5.2 Neutrino mode event selection

The neutrino mode event selection [32] begins by selecting a sample of Charged Cur-

rent νµ interactions, referred to as the CC-Inclusive sample. This involves performing

a series of cuts on the event sample (be it data collected or simulated events). These

cuts are outlined below.

1. Data Quality Flag: The slow control system for the ND280 subdetectors

monitors their condition. If they are not in their normal configuration (for

example, if readout electronics were off), a data quality flag is set to note this.

The CC-Inclusive selection therefore begins by cutting out periods where this

flag indicates bad data quality.

Each beam spill, consisting of 8 bunches of protons, is recorded by ND280 and

the detector timing is sufficiently precise to distinguish these bunches. Therefore, to

help avoid having multiple interactions in one event (referred to as pile-up), the spill

is sub-divided into bunches, so that interactions in different bunches of the same spill

are treated as separate events.

2. Total Multiplicity Cut: The precision measurements of momentum, charge,

and particle identification performed by the TPC are required to perform a

meaningful analysis. Therefore, at least one track reconstructed in the TPC is

required.

3. Leading Tracks and the Quality and Fiducial Cuts: The tracks that are

reconstructed to include segments in the TPC are considered, and two properties

are checked:
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• Track Quality: Reconstruction of short tracks in the TPC can be less

reliable, so only tracks with more than 18 vertical or horizontal clusters in

the TPC are selected. (A cluster is a group of Micromegas module pad

signals above threshold close to each other in space and time. Clustering

is discussed more in Section 5.4.8.)

• Fiducial Cut: The selection looks for interactions that occurred in FGD1.

Therefore, in order to be selected, the track must contain an FGD1 seg-

ment, and the starting point of this track must be inside the FGD1 fiducial

volume. The fiducial volume is a subvolume of the FGD1 sensitive area,

excluding 5 bars from the edge of the XY modules (in x and y), and the

first most upstream XY module (i.e. the one closest to TPC1) in z. Defin-

ing the fiducial volume in this way helps exclude interactions that occurred

outside of FGD1.

Only tracks that satisfy these two criteria (henceforth TPC-FGD1 tracks) are

considered further and the highest momentum negative TPC-FGD1 track is

considered the muon candidate (i.e. the candidate for the muon produced in

the Charged Current interaction). The reconstructed position of the neutrino

interaction (the vertex ) is then set to be the starting position of the muon

candidate, and it is required to be in the FGD1 fiducial volume. This selection

assumes that the muon direction is forward, along the neutrino direction.

4. Upstream background veto: Reject the event if the highest momentum track

with a TPC component that is not the muon candidate starts 150 mm or more

upstream (i.e. towards the P0D) from the start position of the muon candidate.

This is meant to remove events where there is a reconstruction failure resulting

in a muon track being reconstructed as beginning in the FGD1 fiducial volume,

when in fact it originated far upstream.

5. Broken Track Cut: Reject the event if at least one FGD-only track was re-

constructed, and the muon candidate track starts close to the downstream edge

of FGD1. This is meant to exclude events where the reconstruction mistak-

enly breaks the muon candidate track (a TPC-FGD1 track) into an FGD1-only

track and an TPC-FGD1 track that starts close to the downstream edge of

FGD1. This is ultimately a fairly unlikely occurrence (this cut only excludes

approximately 1% of events at this stage of the selection, according to Table 5
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of [32]).

6. Muon PID Cut: Require that the muon candidate have a PID consistent with

a muon (as discussed in Section 4.1.3).

After the CC-Inclusive sample has been obtained by applying the above cuts, it is

further subdivided into three samples based on the number and charge of the pions

that leave the nucleus: CC-0π, CC-1π, and CC-Other.

The CC-0π sample, selecting for events with no pions exiting the nucleus, should

be enriched in CCQE events, and thus be especially sensitive to the CCQE model

parameters. However, as mentioned in Section 2.2, this sample will also contain

CC 2p-2h events, as well as CCRES and CC OTHER events where the pions did not

escape the nucleus.

The CC-1π sample, selecting for events with one π+ exiting the nucleus, should be

enriched in CCRES (specifically, CCRES π+) events, and thus be especially sensitive

to the CCRES model parameters. As with the CCQE sample, CC OTHER events

where some pions did not escape the nucleus should also be in this sample. In addition,

the CCCOH events discussed in Section 2.2 would also be selected into this sample.

Finally the CC-Other sample includes all events with different pion content,

though primarily the higher energy CC OTHER events.

In order to separate the events into these three samples, FGD1 and the TPC must

be used to check for the existence and determine the charge of any pions in the event.

There are 4 ways that the existence of a pion is inferred:

• TPC π±: A TPC-FGD1 track (other than the muon candidate track) is identi-

fied as a π±.

• TPC e±: A TPC-FGD1 track is identified as an e±. The e± track is assumed

to be the result of a pair production (γ → e+ + e−) from a photon produced by

the decay of a π0 (π0 → γ + γ) that was in the final state.

• FGD ME: A Michel Electron is detected in the FGD, which suggests that a

pion stopped and decayed in the FGD, as discussed in Section 3.3.2. This can

reasonably be assumed to be due to a stopped π+, since stopped π− tend to be

captured by nearby positive nuclei.

• FGD π: A track is reconstructed in the FGD (but not the TPC) which the FGD

identifies as a pion. This is assumed to be a π+, as there is insufficient curvature
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to identify the charge, and a low energy π+ is more likely to be produced in a

νµ interaction than a low energy π−.

With the means of counting and identifying pions set, the selection into the three

samples proceeds as follows.

• For the CC-0π sample, events must not contain any TPC π±, TPC e±, FGD ME,

or FGD π.

• For the CC-1π sample, the following conditions must hold true:

– There are no TPC π−.

– There are no TPC e±.

– There is 1 π+ observed via one of the following two methods:

∗ There is 1 TPC π+ or 1 FGD ME. (Both of these methods are consid-

ered accurate individual ways to indicate the existence of a π+, and if

an FGD π were also found, it could very well be the pion that decayed

to produce the FGD ME.)

∗ There is neither an FGD ME nor a TPC π+, but at least 1 FGD π.

Any number greater than zero FGD π is allowed out of concern that

the FGD reconstruction is more likely to break one pion track into

multiple tracks than for there to be multiple low energy pions for

which a Michel Electron is not tagged for at least one of them.

• The CC-Other sample includes all remaining cases.

The results of performing this selection on the default simulated event sample, in

comparison to the data, are shown in Figures 5.1, 5.2, and 5.3. These figures show how

the data compares to the default simulation (with updated beam flux model tuning),

with the default simulated event sample broken down by the true event topology

(i.e. the sample the event would be in if the detector could accurately determine

all particles that left the nucleus, for all events.) This event selection is therefore

reasonably successful at selecting the desired event topology. The breakdown into the

interaction channels (CCQE, CCRES, etc.) is shown and discussed in Section 6.4.1.
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Figure 5.1: Momentum and angular distributions of events in the data and the de-
fault simulated event sample selected into the CC-0π sample (neutrino mode). The
simulated event sample is subdivided by its true topology to demonstrate the extent
to which other topologies are mis-selected into this sample. From [92] (T2K official
plots associated with [32]).
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Figure 5.2: Momentum and angular distributions of events in the data and the de-
fault simulated event sample selected into the CC-1π sample (neutrino mode). The
simulated event sample is subdivided by its true topology to demonstrate the extent
to which other topologies are mis-selected into this sample. From [92] (T2K official
plots associated with [32]).

5.3 Antineutrino mode event selection

As discussed in Section 5.1, in antineutrino mode it is important to attempt to distin-

guish between neutrino and antineutrino interactions, as beam flux and cross section

considerations mean that neutrino interactions make up a non-negligible portion of

the interactions at ND280. Therefore, two mutually exclusive selections are per-

formed in antineutrino mode: one [35] beginning with a ν̄µ CC-Inclusive sample, and

the other [36] beginning with a νµ CC-Inclusive sample. These selections are nearly
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Figure 5.3: Momentum and angular distributions of events in the data and the default
simulated event sample selected into the CC-Other sample (neutrino mode). The
simulated event sample is subdivided by its true topology to demonstrate the extent
to which other topologies are mis-selected into this sample. From [92] (T2K official
plots associated with [32]).

identical to the neutrino mode νµ CC-Inclusive selection discussed in the previous sec-

tion, but with a few important distinctions. The antineutrino mode ν̄µ CC-Inclusive

sample is looking for Charged Current ν̄µ interactions, and therefore must find a µ+

instead of a µ−. Therefore, it is the highest momentum positive track that is the

muon candidate in this selection, instead of the highest momentum negative track.

The only other difference with the neutrino mode CC-Inclusive selection is that

after the “Leading Tracks and Quality and Fiducial Cuts” step, both the antineutrino

mode ν̄µ CC-Inclusive selection and antineutrino mode νµ CC-Inclusive selection in-

sert an additional step that requires that the highest momentum TPC-FGD1 track in

the event be the muon candidate track. That is to say, that for the ν̄µ CC-Inclusive

selection the highest momentum track must be positive, and for the νµ CC-Inclusive

selection the highest momentum track must be negative. Since the outgoing charged

lepton is usually the highest momentum particle produced in a Charged Current in-

teraction, this is a reasonably effective way to decide whether an event is a ν̄µ or νµ

Charged Current interaction.

These two CC-Inclusive samples are each divided into two additional samples,

CC-1-Track (enhanced in the signal CCQE process) and CC-N-Tracks (enhanced in

the background processes), for a total of 4 antineutrino mode samples. As their names

suggest, these selections are based on a simple counting of tracks using the TPC and

FGD1. If there is one TPC-FGD1 track, the event is selected into the CC-1-Track

sample. If there is more than one TPC-FGD1 track, the event is selected into the CC-
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N-Tracks sample. This provides a reasonable amount of separation between the signal

and background interaction processes, and for such small sample sizes, developing a

more complex selection would not accomplish much more. For the ν̄µ selection, this

selection is made more accurate in that ν̄µ CCQE takes the form ν̄µ + p → µ+ + n,

so (excepting FSI or reinteraction of the neutron), one would only expect one TPC-

FGD1 track for CCQE, the µ+. How these selections break down in terms of number

of pions leaving the nucleus for the default simulation (with updated beam flux model

tuning), in comparison to data, is shown in Figures 5.4, 5.5, 5.6, and 5.7. As with

the neutrino mode samples, the breakdown into interaction channels is shown and

discussed in Section 6.4.1.
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Figure 5.4: Momentum and angular distributions of events in the data and the default
simulated event sample selected into the ν̄µ CC-1-Track sample (antineutrino mode).
The simulated event sample is subdivided by its true topology to demonstrate the
extent to which other topologies are mis-selected into this sample. From [90] (T2K
official plots associated with [35]).

5.4 Sources of systematic uncertainty

As will be discussed in Chapter 6, the event rates and distributions in each sample

at ND280 depend on the beam flux and the cross sections for the various interaction

channels. ND280 data are used to estimate flux and cross section model parameters in

order to more accurately predict the unoscillated neutrino interaction rate at Super-

Kamiokande. However, the event rates and distributions in these samples also depend

on the properties of the ND280 detector itself. Therefore, it also important to consider

the uncertainties in the detector model that are relevant to the measurement being
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Figure 5.5: Momentum and angular distributions of events in the data and the default
simulated event sample selected into the ν̄µ CC-N-Tracks sample (antineutrino mode).
The simulated event sample is subdivided by its true topology to demonstrate the
extent to which other topologies are mis-selected into this sample. From [90] (T2K
official plots associated with [35]).
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Figure 5.6: Momentum distribution of events in the data and the default simulated
event sample selected into the νµ CC-1-Track sample (antineutrino mode). The sim-
ulated event sample is subdivided by its true topology to demonstrate the extent to
which other topologies are mis-selected into this sample. From [91] (T2K official plots
associated with [36]).

made. As these sources of systematic uncertainty originate from the detector model,

they are collectively referred to as detector systematics.

These uncertainties are treated in two different ways, depending on the effect of

the detector systematic. For weight systematics, weights are applied to events in

the simulated sample, to mimic adjusting the detector properties in question. For

variation systematics, an observable quantity in the event is varied (for example, the

momentum of the muon.) Variation systematics have the added complication that

they can change the outcome of the event selection. For example, since the selections
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Figure 5.7: Momentum distribution of events in the data and the default simulated
event sample selected into the νµ CC-N-Tracks sample (antineutrino mode). The
simulated event sample is subdivided by its true topology to demonstrate the extent
to which other topologies are mis-selected into this sample. From [91] (T2K official
plots associated with [36]).

rely on the muon candidate being the highest momentum negative/positive track, a

change in the muon momentum could change which track is identified as the muon

candidate, and thus the selection outcome. Therefore, after variation systematics are

applied, the selection must be rerun.

Each of the detector systematics [32] is described in more detail below, including

how the size of the uncertainties were determined for each, and how they are modelled

in the analysis. Their individual contributions to the uncertainty in the total event

rate in each sample are given in Table 5.1 for neutrino mode samples, Table 5.2

for antineutrino mode antineutrino samples, and Table 5.3 for antineutrino mode

neutrino samples.

5.4.1 Magnetic field distortions

The ND280 detectors are located inside the magnetic field provided by the magnet.

This magnetic field curves the charged particle tracks in accordance with the Lorentz

force law, allowing for the charge of a track to be determined, as well as a measurement

of its momentum to be performed. Both of these observables are important to the

selections described in the previous sections, as well as in measuring an accurate

momentum distribution. It is therefore important that the magnetic field used in

the detector model be as close as possible to the real magnetic field provided by the

magnet, and the uncertainty quantified.

For the reconstruction of events, the magnetic field used to determine the momen-
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Uncertainty in sample total event rate (%)
Source of systematic uncertainty CC-0π CC-1π CC-Other
Magnetic field distortions 0.0254 0.0621 0.0812
Momentum resolution 0.0597 0.0951 0.2135
Momentum scale 0.0603 0.0784 0.2269
TPC PID 0.3083 0.7606 0.7478
FGD PID 0.0117 0.0350 0.0163
Charge misidentification 0.1719 0.2397 0.2017
Michel electron eff. and pur. 0.0613 0.2398 0.0076
TPC clustering eff. 0.0004 0.0004 0.0016
TPC tracking eff. 0.2796 0.2505 0.7180
FGD tracking eff. 0.1574 0.0748 0.9789
Sand Muons 0.0615 0.0795 0.0296
TPC-FGD matching eff. 0.0001 0.0001 0.0001
Pile-up 0.0727 0.0726 0.0726
FGD mass 0.5859 0.5741 0.5880
Out-Of-Fiducial-Volume 0.4674 0.7838 0.5165
Pion reinteractions 1.6658 2.7925 5.0173
Total 1.9144 2.9813 6.0416

Table 5.1: Contribution of each individual source of systematic uncertainty (in the
order described in Section 5.4) to the total event rate in each of the ND280 neutrino
beam mode νµ samples. Table data from [32].

tum of the track is one that was obtained by closing the magnet around an empty

ND280 detector basket, and measuring the magnetic field at multiple points, to pro-

duce a full magnetic field map. TPC Laser (Section 4.4.2) calibration data has been

used to provide an empirically corrected field map, which is also used to provide an

alternate reconstruction of the track’s momentum.

The magnetic field distortion systematic uncertainty is modelled with one uniform

random variable between 0 and 1, used to vary the momentum of each track between

the default field map and the empirical field map. The momentum having changed,

the selection is rerun to take into account the new observable value.

5.4.2 Momentum resolution

The momenta of charged particles are key observables for ND280, especially for the

muon candidate. The momentum of the muon candidate is directly used in the

selection, and the distribution of muon momenta is used in the analysis of the sample,

as described in Chapter 6.
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Uncertainty in sample total event rate (%)
Source of systematic uncertainty ν̄µ CC-1-Track ν̄µ CC-N-Tracks
Magnetic field distortions 0.0064 0.0476
Momentum resolution 0.0616 0.1747
Momentum scale 0.0395 0.1220
TPC PID 0.2703 0.5400
FGD PID NA NA
Charge misidentification 0.0921 0.0709
Michel electron eff. and pur. NA NA
TPC clustering eff. 0.0002 0.0017
TPC tracking eff. 0.4987 0.1365
FGD tracking eff. NA NA
Sand Muons 0.1522 0.2179
TPC-FGD matching eff. 0.0002 0.0001
Pile-up 0.1466 0.1466
FGD mass 0.5872 0.5732
Out-Of-Fiducial-Volume 0.4784 0.8063
Pion reinteractions 5.3537 7.8775
Total 5.7227 8.4491

Table 5.2: Contribution of each individual source of systematic uncertainty (in the or-
der described in Section 5.4) to the total event rate in each of the ND280 antineutrino
beam mode ν̄µ samples. Sources of systematic uncertainty marked “NA” were not
applicable due to being specific to FGD information that is not used in the selection
of these samples. Table data from [35].

The momentum resolution is determined by considering a sample of tracks that

cross through multiple TPCs, and taking the measurement of momentum transverse

to the magnetic field in each TPC. After correcting for energy loss in the FGDs be-

tween the TPCs, the differences between the independent momentum estimates is a

Gaussian centred at zero, whose standard deviation is primarily due to the momen-

tum resolution. This is done over multiple momentum, angle, and position ranges.

The momentum resolution systematic is treated by 10 Gaussian random variables

to modify the momentum of tracks independently in these different ranges. Since

observables are modified, the selection is redone after the variation is applied.

5.4.3 Momentum scale

The measurement of a particle’s momentum comes from measuring the curvature

of the track in the TPC caused by the magnetic field. For a constant and uniform
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Uncertainty in sample total event rate (%)
Source of systematic uncertainty νµ CC-1-Track νµ CC-N-Tracks
Magnetic field distortions 0.0397 0.0794
Momentum resolution 0.0958 0.1867
Momentum scale 0.0939 0.1527
TPC PID 0.4333 0.4417
FGD PID NA NA
Charge misidentification 0.0337 0.0489
Michel electron eff. and pur. NA NA
TPC clustering eff. 0.00001 0.0020
TPC tracking eff. 0.4043 0.0587
FGD tracking eff. NA NA
Sand Muons 0.4663 0.1571
TPC-FGD matching eff. 0.00001 0.00005
Pile-up 0.1331 0.1331
FGD mass 0.5286 0.5693
Out-Of-Fiducial-Volume 1.5356 0.6698
Pion reinteractions 1.5543 3.1820
Total 2.4562 3.3573

Table 5.3: Contribution of each individual source of systematic uncertainty (in the or-
der described in Section 5.4) to the total event rate in each of the ND280 antineutrino
beam mode νµ samples. Sources of systematic uncertainty marked “NA” were not
applicable due to being specific to FGD information that is not used in the selection
of these samples. Table data from [36].

magnetic field, this would be a straightforward application of the Lorentz Force Law,

but magnetic field distortions can result in a bias in the measured momentum. This

is referred to as the momentum scale, and understanding it is important to making

accurate momentum measurements.

The momentum scale systematic uncertainty is derived from the uncertainty in

the x component of the magnetic field in the default field map. It has also been

checked by using the range of cosmic ray muons that stop in FGD1. It is treated by

a Gaussian random variable used to adjust the measured track momenta, followed by

redoing the selection.

5.4.4 TPC PID

As is evident from the selection steps in Sections 5.2 and 5.3, particle identification

(abbreviated PID) is one of the important functions that the TPCs perform in the
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event selection. It is therefore important to take into account how accurate the TPC

PID is, as well as any differences between the data and the simulated event sample.

The TPC PID systematic is determined by considering control samples of muons,

electrons, and protons passing through the TPC, in data and simulated event samples.

These control samples are obtained through their own specialized selections, in order

to achieve high purity of the desired particle. The pull distributions are calculated.

The difference in the pull mean values between the data and the simulated event

sample is used to estimate the bias between data and the model, and the ratio of the

pull sigma values (data/model) is used to estimate the smearing to be applied.

The TPC PID systematic is treated by 88 Gaussian random variables, indepen-

dently varying the mean difference and sigma ratio according to their respective errors

for muons, electrons, and protons, over different momentum regions. The calculated

dE/dx is changed according to these values, and the selection rerun with the new

values. Since the dE/dx for pions is very similar to for muons (due to their similar

mass), the treatment for pions is the same as for the muons.

5.4.5 FGD PID

In addition to the TPC PID, the FGD also provides particle identification, which is

used in the neutrino mode selection to identify pions that stop in the FGD. As with

the TPC PID, it is important to take into account how accurate the FGD PID is, as

well as any differences between the data and the simulated event sample.

Similarly to the TPC PID systematic, control samples of protons and muons were

selected to evaluate the size of the FGD PID systematic uncertainty, and pions were

assumed to behave similarly to muons. As the FGD PID is only used on particles

that have no TPC segment (i.e. start and stop in the FGD), this systematic is not

broken down by momentum range, and therefore is modelled with only 4 Gaussian

random variables, in a similar way to the TPC PID.

5.4.6 Charge misidentification

The selections described in Sections 5.2 and 5.3 use the reconstructed charges of the

tracks in the event. The charge of the particle producing a track in the detector is

determined by the direction that track curves in the magnetic field, and the direction

the particle is travelling in (in accordance with the Lorentz force law). The proba-

bility that the charge is misidentified (for example, due to the wrong direction being
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reconstructed, or the particle being high momentum and therefore low curvature) is

adjusted in the simulated event samples to account for this systematic uncertainty.

The charge confusion systematic uncertainty is treated by 7 Gaussian random vari-

ables, which are used to weight simulated events accounting for each track in the

event.

5.4.7 Michel Electron efficiency and purity

The neutrino mode selection uses tagging of Michel Electrons as part of its algorithm

to count π+ produced in neutrino interactions that stopped in FGD1. It is therefore

important to understand how often a Michel Electron produced in FGD1 is properly

tagged, that is, the Michel Electron efficiency. Also included here is the Michel

Electron purity, which considers how often backgrounds are mistakenly tagged as

Michel Electrons.

The Michel Electron efficiency is determined by considering a control sample of

cosmic ray muons that stop in the FGD1 fiducial volume. These cosmic ray muon

tracks are plentiful and easy to identify, and each one should produce a Michel Elec-

tron when the stopped muon decays. Measuring the portion of these muons for which

a Michel Electron is tagged therefore gives the efficiency of tagging them. The Michel

Electron purity is assessed by considering data and simulated beam spills containing

no activity in the FGDs during the time of the beam bunches in the spill. Since the

amount of background is dependent on the neutrino beam power, the purity measure-

ment is broken down by run period. The efficiency and purities are calculated both

in data and simulated event samples.

The uncertainties in the Michel Electron efficiency and purity in FGD1 is treated

by a total of 8 Gaussian random variables, one to vary the efficiency, and 3 to vary

the purity independently in different run periods, separately for data and simulated

samples. These values are then used to calculate a weight for the simulated event

depending on the number of true Michel Electrons in the event, and the number of

measured Michel Electrons in the event.

5.4.8 TPC clustering efficiency

The first step of the TPC reconstruction is to connect individual Micromegas pad

signals above threshold in the same row or column that are close in space and time

into clusters. The clusters are used by the pattern recognition algorithms and the
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track parameters are estimated by a maximum likelihood approach. The clustering

efficiency is the probability that a cluster is found along a particle’s trajectory through

the TPC. Differences in the clustering efficiency between data and the simulated event

sample would manifest as different fractions of data and simulated events passing the

“Track Quality Cut” described in Section 5.2.

The TPC clustering efficiency is determined by examining the distribution of the

number of clusters per track in data and the simulated event sample. Gaussian

random variables are then used to vary the data and detector model efficiency, and

compute an event weight according to the number of tracks and clusters to take into

account the data-model difference in efficiency.

5.4.9 TPC tracking efficiency

The TPC tracking efficiency is the probability that when a charged particle travels

through the TPC, that a track is reconstructed for it. Any difference in this quantity

between the detector and the detector model must be accounted for, as reconstructing

tracks in the TPC is at the heart of the event selection.

The TPC tracking efficiency is determined by considering control samples of beam

and cosmic ray muons, in data and simulated event samples. Its uncertainty is treated

with 6 Gaussian random variables to vary the detector model efficiencies in different

momentum regions and compute an event weight.

5.4.10 FGD tracking efficiency

Like the TPC tracking efficiency, the FGD tracking efficiency is the probability that a

charged particle travelling through the FGD will result in a reconstructed track. Any

possible difference in this quantity between the detector and the detector model must

be accounted for, as reconstructing tracks in the FGD plays a role in the outgoing

pion counting that is needed by the neutrino mode event selection.

The use case of the FGD-only reconstruction (only on tracks that do not exit the

FGD) makes selecting a good control sample difficult, since an independent ND280

subdetector cannot be used. The FGD tracking efficiency is determined by selecting

events in the FGD containing CCQE-like vertices, where there is a muon candidate

track in the TPC, but no tracks contained in the FGD. This is done for data and

the simulated event sample. Simulated proton and pion tracks were then inserted

into these samples, which allows the tracking efficiency to be evaluated in data and
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simulated samples, as well as examining the effect of the momentum and angle of the

particle. The FGD tracking efficiency uncertainty is treated by 24 Gaussian random

variables, which vary efficiencies for the detector model, for protons and pions, over

different angular regions and are used to calculate an event weight.

5.4.11 Sand Muons

The ND280 detector pit, being below the surface, is surrounded by the material mak-

ing up the “ground” of the J-PARC facility, which is sand. In addition to interacting

inside the detector, neutrinos from the beam can also interact in the sand surround-

ing the ND280 pit, and possibly enter the detector, where they would contribute to

the Out-Of-Fiducial-Volume background (discussed in Section 5.4.15) and if coinci-

dent with an FGD1 event, contribute to pile-up as well (discussed in Section 5.4.13).

This systematic uncertainty concerns the sand muon events that pass the event se-

lection. Since the simulated samples only include interactions in the ND280 detector

plus the surrounding magnet, the systematic uncertainty due to sand muons being

mis-selected into the event sample is handled separately.

A dedicated sample of simulated sand muon events is included in the analysis,

and an event weight is applied to these events to account for the uncertainty on the

number of sand muons entering ND280. This uncertainty is determined by comparing

the data and simulated rates of tracks entering ND280 through the upstream end of

the P0D. This is dependent on the beam mode and the version of the neutrino inter-

action model, therefore 3 Gaussian random variables are used to treat this systematic

uncertainty in each configuration independently.

5.4.12 TPC-FGD matching efficiency

As discussed earlier in this chapter, the event selections are heavily dependent on

the reconstruction matching tracks in the TPC with tracks in FGD1. To reiterate, if

an FGD track and a TPC track from a muon produced in a CCQE interaction were

not successfully matched, the event would not even be selected into the CC-Inclusive

sample. It is therefore important to understand how often TPC-FGD matching is

done properly, and this is quantified in the TPC-FGD matching efficiency.

The TPC-FGD matching efficiency is measured using control samples of cosmic

ray muons and sand muons (which would produce tracks across multiple subdetectors

which should be matched properly), in data and simulated event samples. Its sys-
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tematic uncertainty is modelled with two Gaussian random variables, which adjust

the detector model according to their uncertainties, and produce a weight for each

simulated event.

5.4.13 Pile-up

Pile-up occurs when there are multiple neutrino interactions in the same time interval,

producing tracks in the detector that can be mistaken as originating from the same

neutrino interaction. Since the assumption in the analysis is that each event contains

only one interaction, the pile-up rate is important to consider.

The ND280 event selections, through their various restrictions on track origins,

and through dividing up the beam spill into its constituent bunches, manage to limit

pile-up as a concern. The pile-up related issue that needs to be accounted for con-

cerns sand muons. In the data, events containing sand muons would be excluded from

the event selection. In the simulated event sample, the lack of sand muons creates

a need to reduce the simulated event rate to compensate for events that would have

been excluded due to a sand muon also being present, while taking into account the

uncertainty on the sand muon event rate. The pile-up systematic uncertainty is mod-

elled by 9 Gaussian random variables, which provide an event weight according to the

pile-up uncertainty separately for each run period (since the sand muon production

rate depends on the beam conditions of the run period.)

5.4.14 FGD mass

The number of events occurring inside FGD1 is dependent on the number of nuclei

inside FGD1 with which neutrinos can interact, which is proportional to the mass of

FGD1. Understanding both how the mass differs between the simulation and reality,

as well as the uncertainty on the known mass, is therefore important in order to model

neutrino interaction rates properly.

The FGD mass systematic is determined by a careful measurement and accounting

of the materials making up the FGD, allowing a correction to be computed between

data and the simulated event sample, and an uncertainty to be applied based on the

uncertainty in the measured mass. The FGD mass systematic is calculated by apply-

ing the correction and modelling the uncertainty with a Gaussian random variable,

and using this new mass value relative to the detector model mass to weight the event

proportionally.
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5.4.15 Out-Of-Fiducial-Volume

The event selections described in Sections 5.2 and 5.3 are meant to only consider

neutrino or antineutrino interactions in the FGD1 fiducial volume, and the event rate

is an important part of the information used to tune the neutrino interaction models.

However, the ND280 detector contains other subdetectors as well as dead material

that neutrinos can interact in, producing tracks in the detector. It is therefore impor-

tant to quantify how often such “Out-Of-Fiducial-Volume” events are misidentified

as originating in the FGD1 fiducial volume.

The Out-Of-Fiducial-Volume systematic uncertainty is determined by an exami-

nation of the simulated event sample and data for the specific reconstruction failures

that can result in Out-Of-Fiducial-Volume events mistakenly passing the event selec-

tion. The Out-Of-Fiducial-Volume systematic is modelled by 18 Gaussian random

variables, which apply weights to Out-Of-Fiducial-Volume simulated events accord-

ing to the reason it passed selection and the uncertainty the examination of data and

simulated events determined for that specific process.

5.4.16 Pion reinteractions

The neutrino mode selections depend on counting pions produced in the neutrino in-

teractions, and the antineutrino mode selections depend on counting tracks that leave

FGD1 and make it to the TPC. Unlike the muons produced in neutrino interactions,

pions can undergo interactions via the strong force, which gives them a much higher

interaction cross section. As discussed in Section 2.2, such interactions occur inside

the nucleus the neutrino is produced in, which are denoted Final State Interactions,

or FSI. However, the event selections discussed in Sections 5.2 and 5.3 are defined

relative to the particles that escape the nucleus. Such pions ultimately can interact

with other nuclei in the detector volume, and it is this phenomenon that is referred

to as pion reinteractions.

At the pion momenta typical at ND280, for an FGD and TPC based analysis,

three pion reinteraction channels are of main concern:

• Absorption: The pion interacts with a nucleus and the final state of the inter-

action contains no pions. If a pion were to disappear via this process before it

could be measured by the detector, it may be selected into the wrong sample.

• Charge Exchange: A pion interacts with the nucleus and there is only one pion
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in the final state of the interaction, differing in charge by 1 from the incoming

pion. This would cause a π+ or π− to disappear and be replaced by a π0. Once

again, such a substitution could cause the event to be selected into the wrong

sample.

• Quasi-Elastic Scattering: A pion interacts with the nucleus and the final state

of the interaction contains a pion of the same charge. Also, the kinetic energy

of the particle in the center of mass frame is not conserved (i.e. it is an inelastic

collision.) Although in this case the outgoing pion is the same as the incoming

pion, the possibly large changes of direction could affect the reconstruction of

the particle. For example, a pion initially travelling towards a TPC could be

scattered towards the ECal instead, and not be detected.

Therefore, pion reinteractions are of great concern to the event selection. Unfor-

tunately, at the momenta of pions at ND280, and on the materials making up the

detector, the uncertainty on the cross sections of these processes is large. In addition,

it was found that Geant4 model (in this case the Bertini Cascade [63]) for these pro-

cesses equates to cross sections that are significantly different from the world data.

An example is given in Figure 5.8.

In order to evaluate this systematic uncertainty, the collection of external data on

these processes used to tune the NEUT FSI model (tuning described in [51]) was used.

The Geant4 model’s cross section for the processes was computed on relevant detector

materials over the relevant momentum range. In between data points the external

data was interpolated linearly (with errors inflated as a function of the distance from

the closest data point). Outside the momentum region for which there was external

data, the shape of the Geant4 model was used, but scaled so as to be continuous at

the boundary between the external data and the extrapolation. The uncertainties

on the extrapolated data increase with distance from the last data point. For both

interpolations and extrapolations of the external data, the uncertainty could only

increase up to a maximum. This maximum was chosen by applying the corrections

used at the end points of the data momentum region to the Geant4 value throughout

the data momentum region, then taking the largest data ±1σ to Geant4 difference.

This procedure was chosen to conservatively assign the uncertainties to cover possi-

ble shape differences in the extrapolated region (with the conservative nature of the

extrapolated uncertainties demonstrated in Figure 5.8). As this maximum tends to

be quite large, it was also deemed a sufficient maximum uncertainty when performing
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Figure 5.8: Comparison of the cross section for absorption of π+ on carbon nuclei in
Geant4 and from external data (with extrapolations outside the momentum region
covered by the data). The external data spans the momentum region of 58.99 MeV/c
to 623.7 MeV/c, and comes from multiple experiments [25, 68, 59, 84, 87, 78]. The ex-
trapolated points and their uncertainty are determined using the procedure described
in this section (Section 5.4.16).

interpolations. Although Figure 5.8 would appear to suggest that linear interpolation

of the error bars would be reasonable, other processes and materials had large mo-

mentum regions between data points, therefore necessitating larger uncertainties in

these gaps (up to the maximum) as the distance from the nearest data point increases.

In order to account for the difference between the pion reinteraction model and

the external data cross sections for Absorption, Charge Exchange, and Quasi-Elastic

Scattering, an event weight is calculated to correct each simulated event to the exter-

nal data cross section (or an extrapolated or interpolated value). Then, to model this

systematic uncertainty, 3 Gaussian random variables are used, one to vary each of the

Absorption, Charge Exchange, and Quasi-Elastic Scattering cross sections, according

to their uncertainty in the external data and its interpolations and extrapolations. A

weight is then calculated to use these varied cross sections.
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In computing the weight for an event, all pions relevant to the event (i.e. in FGD1

and out to the inner volume of TPC2) are considered. All of the particles produced in

the interaction at the end of the simulated pion’s trajectory are examined using true

information from the simulation, in order to identify the type of interaction that the

pion underwent. Since the cross sections of the relevant process also affect the prob-

ability of the particle not interacting, this also needs to be taken into account. The

event weight applied to the simulated event is therefore calculated via the following

procedure:

1. Take a step along a relevant pion trajectory through the detector volume. Small

steps are used where the pion’s momentum is approximately constant in order

to effectively numerically integrate along the pion’s trajectory.

2. Use the pion’s momentum and the detector composition of the step to calcu-

late the non-interaction probability during the step from the cross sections for

Absorption, Charge Exchange, and Quasi-Elastic Scattering.

3. Use the Bethe formula and Lorentz force law to determine the pion’s momentum

for the next step.

4. Continue stepping until the pion either:

• Stops.

• Escapes FGD1 + dead material up to TPC2 active volume.

• Interacts. In this case, determine the cross section for this interaction from

the pion’s final momentum and the material it interacted in.

5. Given two different sets of cross section values, the event weight for this pion

is ratio of survival probabilities multiplied by the ratio of the cross sections for

the pion’s interaction (if it interacted at the end of its trajectory).

6. Repeat for the remaining relevant pions. The total event weight is the product

of the weight for each pion.
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Chapter 6

Measuring model parameters with

ND280 data

As described in Chapter 5, ND280 selects a large number of events into different

samples. This chapter describes how this data is used to measure parameters that

are relevant to the neutrino oscillation analysis.

6.1 Motivation

In Section 2.3, neutrino oscillation parameters were shown to affect the probability of

a neutrino produced as one flavour being observed as a neutrino of another flavour.

However, detectors do not directly measure oscillation probabilities; they measure

event rates. The number of neutrinos and their energy spectrum observed at Super-

Kamiokande depend on:

1. Unoscillated neutrino beam flux: The number of neutrinos of each flavour pass-

ing through the fiducial volume of the detector, and their energy spectrum in

the absence of neutrino oscillation.

2. Neutrino interaction cross sections: The probability that a given neutrino will

interact with the detector, and whether it will be an interaction process defined

as “signal” or “background.”

3. Detector performance: How well the detector can measure and reconstruct

events.
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4. Neutrino oscillation probability: The probability that a neutrino produced by

the beam appears as the same flavour or a different flavour. This is usually a

function of several oscillation parameters.

So, in addition to the oscillation parameters, which we shall denote ~o, one can also

define a set of parameters that describe the beam flux, denoted ~b, a set of parameters

in a neutrino cross section model, denoted ~x, and a set or parameters describing the

detector systematic uncertainties, ~d. Therefore, amongst the oscillation parameters

we wish to measure, there are also so called nuisance parameters (also referred to

as systematic parameters, as they parameterize the systematic uncertainties of the

analysis) that must be accounted for, and would increase the uncertainty on any

measurement of the oscillation parameters. Thankfully, measurements by other ex-

periments (“external data”) or specific internal measurements to constrain detector

systematics (as discussed in Sections 5.4 and 7.3) can be used to constrain all nui-

sance parameters. In addition, ND280 measurements can also constrain flux and cross

section parameters.

Given the external data ( ~MExt), ND280 data ( ~MND280) and SK data ( ~MSK),

and the beam, cross section, oscillation, and detector systematic parameters that

describe this data (~b, ~x, ~o, and ~d, respectively) one can define a global likelihood

function, L(~b, ~x, ~o, ~d) = p( ~MExt, ~MND280, ~MSK |~b, ~x, ~o, ~d), the probability density of

the observed data given the parameter values. In practice, maximizing this global

likelihood function can prove difficult, as this involves simultaneous consideration of

multiple datasets from different experiments, and a large number of parameters, mak-

ing for a complicated and computationally demanding analysis. Instead, a piecewise

approach is taken:

1. Analysis of the external data ~MExt (including ND280 control samples) pro-

vides the information needed to model flux (Section 6.2.2), cross section (Sec-

tion 6.2.3), and detector (Section 6.2.4) systematic parameters with multivariate

Gaussian likelihood functions.

2. Determine the parameter values that maximize the likelihood LND280(~b, ~x, ~d),

which is the product of a Poisson term to consider the ND280 data, and the

Gaussian constraint terms determined in Step 1. This is the topic of this chap-

ter.

3. Determine the parameter values that maximize the likelihood L(~b, ~x, ~o, ~d), which
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is the product of a Poisson term to consider the Super-Kamiokande data, and a

constraint term that models the results of the ND280 analysis in Step 2 and the

Super-Kamiokande detector systematic uncertainties as a multivariate Gaussian

likelihood function. This is discussed in Chapter 7.

6.2 Analysis method

This analysis uses the Maximum Likelihood method to estimate the beam flux, cross

section, and detector systematic parameters in the beamline, neutrino interaction,

and ND280 models. The analysis relies on the algorithms of Minuit [66], in this case,

the C++ implementation (Minuit2) included as part of the ROOT data analysis

framework [41]. The MIGRAD algorithm (a gradient descent method) is used to

minimize −2 lnL. Then, the HESSE algorithm computes the full matrix of second

derivatives (the Hessian matrix) of−2 lnL around the optimal parameter values found

by MIGRAD. It then determines the covariance matrix (and therefore the uncertainty

on the parameter estimations) by using that the inverse of the Hessian of − lnL is

an estimator for the covariance matrix (see, for example, Section 6.6 on p.76-78

of [47]). Parameters relevant to Super-Kamiokande are then used in the oscillation

analysis, described in Chapter 7. Since the result of this analysis is a multivariate

Gaussian distribution with mean vector given by the optimal parameter values, and

the covariance matrix of the parameters has been calculated, the parameters not

relevant to the analysis of the Super-Kamiokande data can just be ignored. This

section describes the key components of this analysis in more detail.

6.2.1 The ND280 binned likelihood

In order to analyze the events selected into the samples described in Chapter 5, it is

useful to subdivide the samples into bins of kinematic variables. This allows the anal-

ysis to constrain the neutrino energy distribution at Super-Kamiokande, in addition

to the overall event rate. For the signal process (CCQE), the energy is reconstructed

from the muon momentum (pµ) and cosine of the muon angle with the neutrino beam

direction (cos θµ), as shown in Equation 2.13. A two dimensional binning in pµ and

cos θµ is therefore a natural choice, though for this analysis θµ is defined relative to

the central axis of ND280 instead of the beam direction. This simplifies calculation

of cos θµ while retaining the shape information useful to this analysis. This choice
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of kinematic variables and binning also provides shape information that is helpful

to constrain cross section model parameters (that would be lost with a one dimen-

sional reconstructed neutrino energy binning, for example). This binning is described

further in Section 6.2.4.

A useful consequence of binning the data and the simulated events is that the

content of each bin is Poisson distributed. Therefore, given that the model prediction

for bin i, Np
i (~b, ~x, ~d), is the expected number of events in the bin, and the data

observation, Nd
i , is the observed number of events, the probability of making that

observation is the Poisson probability given by Equation 6.1:

P (Nd
i |N

p
i (~b, ~x, ~d)) =

(Np
i (~b, ~x, ~d))N

d
i e−N

p
i (~b,~x,~d)

Nd
i !

(6.1)

Therefore, the Poisson term of the likelihood function is simply the product of

Equation 6.1 evaluated for each bin.

This approach relies on the model providing a prediction for each bin that is a

function of the flux, cross section, and detector systematic parameters (Np
i (~b, ~x, ~d)).

The analysis uses Monte Carlo integration, where tuning weights based on these

parameters are applied to each simulated event individually, and the bin contents re-

calculated for each variation of the systematic parameters during the minimization.

The relationships between the parameters and the tuning weights are described in

Sections 6.2.2 (flux), 6.2.3 (cross section), and 6.2.4 (detector).

In addition to the tuning weights are two sets of weights concerning the beam flux.

In order to ensure that the cross section model is well-represented by the simulated

event sample, ∼ 10 times the data POT is used in the analysis for each run period.

Each simulated event is therefore weighted down to the data POT for that run period.

The second set of weights concerns the beam model. The default simulated event

sample is produced with the default beam model. External data and measurements

from beamline monitors and INGRID are used to further tune the flux prediction,

producing a weight for each simulated event, which depends on its true neutrino

energy and flavour.

The remaining terms in the likelihood are the constraint terms for the beam (Sec-

tion 6.2.2), cross section (Section 6.2.3), and ND280 detector (Section 6.2.4) parame-

ters. Since these constraint terms are all arrived at independently, they are modelled

by three separate multivariate Gaussian terms, π(~b) (beam flux), π(~x) (cross section),

and π(~d) (detector). Each of the π(~φ) (for ~φ in {~b, ~x, ~d}) is given by Equation 6.2,
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where Vφ is the covariance matrix that describes the covariance between the ~φ pa-

rameters, ∆~φ = ~φcurr − ~φnom is the difference between the current and nominal value

of the parameters, and k is the number of parameters (i.e. the dimension of ~φ).

π(~φ) = (2π)−
k
2 |Vφ|−

1
2 e−

1
2

∆~φ(V −1
φ )∆~φT (6.2)

Having defined all the components of our likelihood function, we make a number

of utilitarian choices to arrive at the quantity manipulated in this analysis.

To start, we use the likelihood function to define a likelihood ratio, given in

Equation 6.3. It has the likelihood function we defined in the numerator, and in

the denominator (which is a constant) the likelihood function we defined evaluated

at Np
i = Nd

i , with the constraint terms evaluated at the nominal parameter values.

λND280 =
π(~b)π(~x)π(~d)

∏
i(N

p
i (~b, ~x, ~d))N

d
i e−N

p
i (~b,~x,~d)

π(~bnom)π(~xnom)π(~dnom)
∏

i(N
d
i )N

d
i e−N

d
i

(6.3)

This is done in order to take advantage of the fact that −2 ln(λND280) is χ2 dis-

tributed (see Section 38.2.2.1 of [79]), providing a natural goodness of fit test. Due

to this property, it is conventional to adopt the notation ∆χ2
ND280 ≡ −2 ln(λND280).

As mentioned in the beginning of Section 6.2, estimating the covariance of the

parameters requires the computation of the Hessian of − lnLND280. Since λND280

differs only by a constant factor from LND280, the Hessian of − ln(λND280) is equal

to that of − lnLND280. Therefore, minimizing ∆χ2
ND280 does not complicate the

estimation of the covariance of the parameters.

Therefore, this analysis minimizes the quantity ∆χ2
ND280, which is given in Equa-

tion 6.4.

∆χ2
ND280 =2

Nbins∑
i

[
Np
i (~b, ~x, ~d)−Nd

i +Nd
i ln(Nd

i /N
p
i (~b, ~x, ~d))

]
+

Eν bins∑
i

Eν bins∑
j

∆bi(V
−1
b )i,j∆bj +

xsec pars∑
i

xsec pars∑
j

∆xi(V
−1
x )i,j∆xj

+
det bins∑

i

det bins∑
j

∆di(V
−1
d )i,j∆dj

(6.4)

Now that the likelihood has been defined along with how it is maximized, the
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following sections will discuss in more detal how the beam flux model (Section 6.2.2),

cross section model (Section 6.2.3), and the ND280 data, model prediction, and de-

tector systematic uncertainties (Section 6.2.4) are considered in the analysis.

6.2.2 Neutrino beam flux parameterization

The number of neutrinos expected at the detector, their flavour, and their energy

spectrum are important to model correctly in order to do a neutrino oscillation ex-

periment. The uncertainties on this model ultimately translate into uncertainties on

the neutrino oscillation measurement. There are many elements of the neutrino beam

production that ultimately have an effect on the neutrino flux, such as the properties

of the proton beam (e.g. energy, intensity, bunch shape, direction), and the cross sec-

tions for both proton interaction processes in the target, as well as interactions of the

secondary particles (i.e. the pions that later decay into neutrinos.) Therefore, T2K

has a complex flux model (described in [6]), using technical design specifications and

standard particle physics simulation packages, further tuned with data from beam

monitors and with the results of external experiments.

From this model, a flux prediction is produced which is binned in neutrino energy,

for each of νµ, νe, ν̄µ and ν̄e, for both ND280 and Super-Kamiokande. It is done

separately for each run period, in order to correct for different beam conditions as

measured by the beam monitors in each run, as was discussed in Section 6.2.1. This

flux prediction is used as input to produce the default simulated event sample. The

beam flux is tuned by minimizing ∆χ2
ND280, using the ~b parameters. We define 100 ~b

parameters, corresponding to 100 different bins of beam mode, neutrino flavour, de-

tector, and neutrino energy. All sources of systematic uncertainty in the flux model

are considered through simulation studies to produce a covariance matrix for the ~b

parameters. The bins are divided into energy bins (GeV) by flavour and by beam

mode as follows:

• νµ (ν-mode), ν̄µ (ν̄-mode): 0.0, 0.4, 0.5, 0.6, 0.7, 1.0, 1.5, 2.5, 3.5, 5.0, 7.0, 30.0

• ν̄µ (ν-mode), νµ (ν̄-mode): 0.0, 0.7, 1.0, 1.5, 2.5, 30.0

• νe (ν-mode), ν̄e (ν̄-mode): 0.0, 0.5, 0.6, 0.8, 1.5, 2.5, 4.0, 30.0

• ν̄e (ν-mode), νe (ν̄-mode): 0.0, 2.5, 30.0
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This binning parametrizes with 50 parameters the flux of νµ, νe, ν̄µ and ν̄e from

0-30 GeV in both beam modes. This results in a total of 100 parameters to include in

the analysis (50 for ND280, and 50 for Super-Kamiokande.) Since these parameters

are defined relative to the tuned flux prediction, they all have a nominal value of

1. Their correlation matrix is shown in Figure 6.1a. These flux parameters are
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(a) The correlation matrix for the 100 flux
parameters prior to the analysis.

Parameters Parameter number(s)
ND280, ν mode, νµ 0 – 10
ND280, ν mode, ν̄µ 11 – 15
ND280, ν mode, νe 16 – 22
ND280, ν mode, ν̄e 23 – 24
ND280, ν̄ mode, νµ 25 – 29
ND280, ν̄ mode, ν̄µ 30 – 40
ND280, ν̄ mode, νe 41 – 42
ND280, ν̄ mode, ν̄e 43 – 49

SK, ν mode, νµ 50 – 60
SK, ν mode, ν̄µ 61 – 65
SK, ν mode, νe 66 – 72
SK, ν mode, ν̄e 73 – 74
SK, ν̄ mode, νµ 75 – 79
SK, ν̄ mode, ν̄µ 80 – 90
SK, ν̄ mode, νe 91 – 92
SK, ν̄ mode, ν̄e 93 – 99

1

(b) The correspondance between the flux pa-
rameters and their parameter number.

Figure 6.1: Flux parameters and their correlations prior to the analysis.

very highly correlated, between the different energy bins, flavours, beam modes, and

detectors. As a result, the analysis of the ND280 data reduces the uncertainty due

to the flux model in the Super-Kamiokande model predictions due to uncertainties in

the beam flux.

6.2.3 Neutrino cross section parameterization

As discussed in Section 2.2, there are multiple interaction channels for neutrinos on

nuclei. Furthermore, the products of these interactions can be further modified by

interactions that occur inside the nucleus, Final State Interactions (FSI). These pro-

cesses are all modelled in the neutrino interaction generator, which in the case of this

analysis is NEUT [62]). Given the flux prediction, NEUT simulates the correspond-

ing neutrino interactions in the detector according to its model. It simulates both

the neutrino interaction itself, as well as any interactions the resulting particles have
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inside the nucleus (FSI). NEUT then passes the list of particles that leave the nu-

cleus and their kinematic information on to the next stage in the detector simulation,

where Geant4 [12] is used to simulate the particles as they travel through the detector

volume.

There are a number of ways that the NEUT model prediction can be tuned. One

simple way is to apply a multiplicative factor to the events in a given interaction chan-

nel. This simply increases or decreases the rate at which a given interaction channel

occurs, in a uniform manner across all neutrino energies, and all interaction product

observables. This multiplicative factor is referred to as a normalization parameter.

Such parameters are labelled “Norm” in Table 6.3.

Alternatively, the model for a given process may have model parameters that enter

into the theoretical calculation of the cross section, and the determination of which

particles are produced in the interaction, and their momentum and angle with the

path of the incoming neutrino. Tuning these parameters can significantly change the

composition of the simulated event sample, and alter the pµ and cos θµ distributions.

This potentially complicated response earns these parameters the classification of re-

sponse parameters. The CCQE model and the CCRES model are both parameterized

this way, as is the model for FSI.

Alas, with the potentially complicated response caused by the tuning of a re-

sponse parameter comes a computational concern. Nominally, one would have to

rerun NEUT with the tuned parameter value, then run the full chain of ND280 simu-

lation, calibration, reconstruction, and analysis software packages in order to produce

a simulated event sample reflecting the new parameter value. Doing so at each step

of the minimization of ∆χ2
ND280 would be computationally prohibitive. Instead, suf-

ficient information is passed through from NEUT that a weight can be calculated for

each event that results in the simulated event sample having the appropriate response

to the tuning. However, even this weight calculation procedure is too computationally

intensive to perform at each step of the minimization. Instead, before the minimiza-

tion, for each response parameter relevant to the event, the resulting event weight is

computed for various values of the parameter, and these weights as a function of the

parameter value are used to produce a cubic spline. This provides the ability to inter-

polate smoothly between the stored points. In this way, the splines for each response

parameter for each event encode the information needed to tune the parameter in a

computationally efficient way. Response parameters are therefore labelled “Spline”

in Table 6.3.
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For both normalization and response parameters, there is a complication arising

from the detector composition of ND280 and Super-Kamiokande. For an analysis of

neutrino and antineutrino interactions occurring in FGD1 (such as the one described

in this chapter), the predominantly polystyrene composition of FGD1 results in the

interactions occurring mostly on carbon nuclei. However, at Super-Kamiokande, the

detector is filled with water, meaning that the interactions occur mostly on oxygen

nuclei. Although some parameters in the model apply to both carbon and oxygen,

others are specific to one of those nuclei (and are named to reflect this in Table 6.3).

The oxygen-only parameters are unconstrained by ND280 data, though the CC 2p-

2h normalization on oxygen is correlated with that on carbon in such a way that the

measurement on carbon will result in the central value for oxygen attaining the same

value, but the oxygen parameter retaining the prior uncertainty.

With the model sufficiently well parameterized, the prior constraints on the model

parameters needed to be determined. The determination of the prior uncertainties

for the CCQE parameters included using datasets from the experiments MiniBooNE

(neutrinos [13] and antineutrinos [14]) and MINERνA (neutrinos [54] and antineu-

trinos [53]). The determination of the prior uncertainties for the CCRES parameters

included the performance of a re-analysis of the ANL and BNL bubble chamber

data [95].

6.2.4 ND280 data, model prediction, and systematic uncer-

tainties

The data used in this analysis consists of 5.82×1020 POT of neutrino beam mode data

collected between November 2010 and May 2013, and 0.43×1020 POT of antineutrino

beam mode data, collected in June 2014. The model produces a simulated event

sample of approximately 20 times data POT (weighted down to data POT), in order

to have a large enough sample to represent the model.

The data and simulated event samples were binned as follows (a total of 531 bins):

• CC-0π (neutrino mode) (154 bins)

– p (MeV/c): 0, 300, 400, 500, 600, 700, 800, 900, 1000, 1250, 1500, 2000,

3000, 5000, 30000

– cos θ: -1.0, 0.6, 0.7, 0.8, 0.85, 0.9, 0.92, 0.94, 0.96, 0.98, 0.99, 1.0

• CC-1π (neutrino mode) (143 bins)
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– p (MeV/c): 0, 300, 400, 500, 600, 700, 800, 900, 1000, 1250, 1500, 2000,

5000, 30000

– cos θ: -1.0, 0.6, 0.7, 0.8, 0.85, 0.9, 0.92, 0.94, 0.96, 0.98, 0.99, 1.0

• CC-Other (neutrino mode) (154 bins)

– p (MeV/c): 0, 300, 400, 500, 600, 700, 800, 900, 1000, 1250, 1500, 2000,

3000, 5000, 30000

– cos θ: -1.0, 0.6, 0.7, 0.8, 0.85, 0.9, 0.92, 0.94, 0.96, 0.98, 0.99, 1.0

• ν̄µ CC-1-Track (antineutrino mode) (20 bins)

– p (MeV/c): 0, 500, 900, 1200, 2000, 10000

– cos θ: -1.0, 0.8, 0.92, 0.98, 1.0

• ν̄µ CC-N-Tracks (antineutrino mode) (20 bins)

– p (MeV/c): 0, 600, 1000, 1500, 2200, 10000

– cos θ: -1.0, 0.8, 0.9, 0.97, 1.0

• νµ CC-1-Track (antineutrino mode) (20 bins)

– p (MeV/c): 0, 500, 900, 1200, 2000, 10000

– cos θ: -1.0, 0.8, 0.92, 0.98, 1.0

• νµ CC-N-Tracks (antineutrino mode) (20 bins)

– p (MeV/c): 0, 600, 1000, 1500, 2200, 10000

– cos θ: -1.0, 0.8, 0.9, 0.97, 1.0

For all samples, this binning is finer in the 2D region with the highest event rates,

and coarser in lower event rate regions. This maximizes the ability to use the shape

of the distributions to constrain the models, while ensuring that there is sufficient

statistics in each bin.

For the neutrino mode samples, the binning used was the same as that used for

the previous recent neutrino mode-only analyses (e.g. [7]). This was a reasonable

choice to make as the only difference between the data samples used in those analyses

and in this one amounts to less than 3% of the data taken in neutrino beam mode.
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(The earliest data taken by ND280 was excluded from this analysis, due to challenges

in calibrating the data from the, at the time, unfinished ND280 detector).

For antineutrino mode samples, starting from the binning used in similarly low

POT earlier ND280 analyses (e.g. [5]), the binning was tuned under the principle

that neither the default nor nominal simulated event samples should have less than

approximately 1 event in any given bin after they have been weighted down to the

data POT. Although a more thorough binning study may have produced a more

optimal binning, the relatively small contribution of the antineutrino event mode

data resulted in such a study being not a priority.

In Section 5.4, the various contributions to the systematic uncertainty in the

ND280 detector model are discussed, along with how they are modelled. However,

independently applying these is impractical in this analysis. Although a concerted

effort was made to produce a fast implementation of these systematic uncertainties,

the time it would take to vary the detector systematic parameters and produce new

selection results was still a concern. However, the main issue with the approach de-

scribed in Section 5.4 concerned the variation systematics. These systematics change

the observables of the analysis, and possibly the result of the selection. This results

in migration of events between bins, which manifests as a discontinuous jump in the

value of ∆χ2
ND280 for what could be a small variation of a parameter value. Since the

MIGRAD algorithm uses the method of gradient descent to find the minimum, such

a discontinuous jump presents a problem it cannot solve, and the minimization fails.

Therefore, a faster representation of the ND280 systematics without discontinuous

migration of events between bins is required.

The effect of adjusting the ND280 detector systematic parameters discussed in

Chapter 5 is ultimately to vary the content of the reconstructed p-cos θ bins of each

of the ND280 samples. Therefore, the effect of the ND280 systematic parameters can

be approximated by a set of observable normalization parameters (the ~d parameters

in Equation 6.4), which apply a multiplicative weight to an event according to its

reconstructed pµ and cos θµ. The same binning used as the analysis is indeed a

natural choice, and what is used for the antineutrino beam mode samples. However,

the larger the number of parameters, the longer it takes for MIGRAD to find the

minimum of ∆χ2
ND280, so for the neutrino mode beam samples, the following binning

was used for each of the samples (70 bins):

• p (MeV/c): 0, 300, 500, 600, 700, 900, 1000, 1500, 3000, 5000, 30000
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• cos θ: -1.0, 0.6, 0.8, 0.85, 0.9, 0.94, 0.98, 1.0

This coarser binning for the detector systematic observable normalization param-

eters was used for the ND280 neutrino mode analysis for, for example, [7]. For that

analysis, the difference in the response of the analysis between the coarser and the

finer binning for these parameters was studied and found to be small. Since this

analysis is similar, this coarser binning for these parameters was deemed acceptable

for use in this analysis as well.

To determine the nominal values of these 290 observable normalization parameters

and their covariance, 2000 simulated event samples were generated by tuning the

simulated event sample with different values of the detector systematic parameters

discussed in Chapter 5, as well as considering statistical errors resulting from the size

of the simulated event sample.

The data, nominal model prediction, and the model prediction tuned with the

results of this analysis are compared in Figures 6.9, 6.10, and 6.11, (showing model

uncertainties before and after the analysis) and Figures 6.12, 6.13, 6.14, 6.15, 6.16,

6.17 and 6.18 showing the breakdown of the simulated events into individual interac-

tion channels. The contribution of the flux, cross section, and detector uncertainties

to the uncertainty in the predicted event rate in each of the ND280 samples before the

analysis is shown in Table 6.1. The event rates in each sample (with uncertainties)

are provided in Table 6.2.

Sample Flux (%) Cross section (%) Detector (%)
νµ CC-0π (ν mode) 8.5 6.5 1.9
νµ CC-1π (ν mode) 7.9 12.1 3.0
νµ CC-Other (ν mode) 8.3 7.9 6.0
ν̄µ CC-1-Track (ν̄ mode) 8.4 6.6 5.7
ν̄µ CC-N-Tracks (ν̄ mode) 7.4 12.0 8.4
νµ CC-1-Track (ν̄ mode) 7.3 8.9 2.5
νµ CC-N-Tracks (ν̄ mode) 7.7 10.2 3.4

Table 6.1: Contributions of the flux, cross section, and detector systematic uncertain-
ties to the uncertainty in the predicted event rate of each ND280 sample, before the
analysis. Table data for flux and cross section parameter contributions are from [61],
while the totals for the detector samples are taken from Tables 5.1,5.2, and 5.3 (whose
table data are originally from references [32], [35], and [36], respectively) and rounded
to one decimal place.
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6.3 Validation

Since nature does not provide a “back of the book” in which to check the result of

an analysis for correctness, it is important to verify that an analysis will produce a

reasonable result. The various tests that are performed are known as validations.

This section describes in more detail the validations undertaken for this analysis.

6.3.1 Asimov data set

In the 1955 short story Franchise (printed, for example, in [26]) by Isaac Asimov,

election results are decided by a computer based on questions it asks of one represen-

tative voter. Inspired by this story, Cowan et al. [48] coined the term Asimov data

set to describe a representative simulated data set used to replace an ensemble of

simulated data sets in the determination of the median sensitivity of an experimental

measurement. The Asimov data set is defined as the data set in which the contents

in each bin equals the expectation.

An analysis of an Asimov data set is a convenient check for bias in the param-

eter estimation. Indeed, the parameter values returned by this analysis when it is

performed on the Asimov data set are all within 10−11 of the true parameter value

(i.e. not different to much more than machine precision.) The true parameter values

and those returned by performing this analysis on the Asimov data set are plotted in

Figure 6.2. Although any deviation from the true parameter value is too small to be

seen in this figure, it acts as a point of comparison for the Fake data studies discussed

in Section 6.3.2. These results indicate that this analysis is performed properly on

the Asimov data set, and therefore this validation is considered successful.

6.3.2 Fake data sets

In addition to the Asimov data set, additional fake data sets were analyzed to un-

derstand the sensitivity to modified neutrino interaction models. Two fake data sets

were considered, named after the models that produced them: “Relativistic RPA”

and “Spectral Function”.

The Relativistic RPA fake data was generated with the same model and parameter

values as the Asimov data set, which produces event rates in each of the samples that

are similar to those of the Asimov data set. As a result, one would expect that

performing the analysis on this fake data would produce a result similar to that of
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(a) Flux parameters, in the same order as
Figure 6.1b, with the starting bin of each cat-
egory labelled.
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(b) Cross section parameters, in the same or-
der as Table 6.3.
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(c) Observable normalization parameters,
with the starting bin of each category la-
belled.

Figure 6.2: Flux, cross section, and observable normalization parameter measure-
ments from this analysis when performed on the Asimov data set.

the analysis of the Asimov data set. Indeed, this is approximately what is seen, as

shown in Fig. 6.3.

The Spectral Function fake data uses an alternate model. This model has a higher

CCQE event rate than the Relativistic RPA model, which results in a larger number

of events in the CC-0π sample for this fake data set. So, successful analysis of this

fake data would demonstrate that this analysis can successfully be performed even

if the real data is closer to the Spectral Function model than the Relativistic RPA

model. Performing the analysis on this fake data set results in the CCQE model

parameters and the flux parameters being pulled to increase the CCQE event rate.

These results are shown in Fig. 6.4.
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(b) Cross section parameters, in the same or-
der as Table 6.3.
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(c) Observable normalization parameters,
with the starting bin of each category la-
belled.

Figure 6.3: Flux, cross section, and observable normalization parameter measure-
ments from this analysis when performed on the Relativistic RPA fake data set.

Since the analysis of these fake data sets agreed sufficiently with expectations,

this validation was deemed a success.

6.4 Results and discussion

In this section, the results of this analysis will be reviewed, and the model parameter

measurements will be related to the data, nominal model prediction, and the model

prediction tuned with the analysis results. The specific deliverables to the oscillation

analyses will be featured. In addition, the results of a goodness of fit test will be

discussed, and this result will be compared to that of a separate analysis method as
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(a) Flux parameters, in the same order as
Figure 6.1b, with the starting bin of each cat-
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(b) Cross section parameters, in the same or-
der as Table 6.3.
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(c) Observable normalization parameters,
with the starting bin of each category la-
belled.

Figure 6.4: Flux, cross section, and observable normalization parameter measure-
ments from this analysis when performed on the Spectral Function fake data set.

a cross check.

6.4.1 Analysis results and deliverables

Once ∆χ2
ND280 has been minimized, and the covariance matrix of the parameters cal-

culated, the analysis is complete. The ultimate effect of the analysis is to determine

the values of the flux, cross section, and detector (observable normalization) param-

eters that tune the simulated event sample to best resemble the data collected, while

taking into account the prior knowledge of the parameters.

Of these parameters, the observable normalization parameters and the FSI cross

section parameters are nuisance parameters that are ignored, as discussed in Sec-
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tion 6.1. The remaining parameters (ND280 and Super-Kamokande flux parameters,

and the remaining cross section parameters) have physical meaning for this analysis

and/or constitute deliverables to the oscillation analyses, so will be discussed in more

detail.

Sample Data Nominal model Analysis-tuned model
νµ CC-0π (ν mode) 17362 15625 ± 1663 17248 ± 133
νµ CC-1π (ν mode) 3988 4748 ± 686 4190 ± 60
νµ CC-Other (ν mode) 4219 3772 ± 431 4079 ± 62
ν̄µ CC-1-Track (ν̄ mode) 435 387 ± 41 438 ± 13
ν̄µ CC-N-Tracks (ν̄ mode) 136 128 ± 17 129 ± 5
νµ CC-1-Track (ν̄ mode) 131 141 ± 15 147 ± 6
νµ CC-N-Tracks (ν̄ mode) 145 147 ± 17 144 ± 6

Table 6.2: Data and simulated (“model”) event rates, both prior to (“Nominal”) and
after (“Analysis-tuned”) the analysis.

Considering the event rates of the different samples in Table 6.2 for data, nom-

inal model and tuned model demonstrates the key areas where the analysis needed

to make changes. For both the CC-0π and CC-Other samples, the nominal model

underestimates the event rate in comparison to the data, while for the CC-1π sam-

ple, the event rate is overestimated. In order to deal with this, the flux parameters

(Figures 6.6 and 6.7) are all increased, driving up the overall event rate. More sample-

specific changes come from the cross section parameters (Figure 6.8), as they allow for

differences in event rate between the samples. The event rate is further increased in

the CC-0π sample (enhanced in the signal CCQE process, as shown in Figure 6.12)

by a large increase in the CC 2p-2h 12C normalization. The CCRES parameters

(CARES5 , MRES
A , and Isospin=1

2
Background) are all changed in the direction needed

to reduce the event rate in the CCRES-enhanced CC-1π sample (Figure 6.13). In

addition, CCCOH events tend to be selected into the CC-1π sample, and the analysis

greatly reduces their presence relative to the nominal model by a large reduction of

the CC Coh 12C normalization parameter. The event rate in the CC-Other sample

is increased by the increase in the CC Other Shape parameter, as well as with a

large increase in the NC Other normalization parameter. NC Other events would get

mis-selected into the CC-Other sample due to multiple pions being produced, one of

which being mis-identified as a muon. This increase in NC Other events is shown in

Figure 6.14.

Although the antineutrino beam mode samples were included in this analysis
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(Figures 6.15, 6.16, 6.17, and 6.18), their relatively small event rates did not give

them much constraining power in this analysis. Nonetheless, their inclusion in this

analysis ensured that any gross inconsistencies between neutrino and antineutrino

beam mode would not go unnoticed, and constituted an important first step in the

simultaneous analysis of neutrino and antineutrino beam mode data at ND280.

In addition to the tuning of the central values of the model parameters, the ND280

data was also able to reduce uncertainties on them. This translates into the large

reduction in uncertainty in the overall event rates shown in Table 6.2. This is also

demonstrated in the comparison between the data and the model before and after

the analysis is shown Figures 6.9, 6.10, and 6.11.

Although the improved agreement between the ND280 data and the model, and

the reduced uncertainties are satisfying, the main purpose of performing this anal-

ysis is to tune the Super-Kamiokande model. As discussed earlier, only the Super-

Kamiokande flux parameters and a subset of the cross section parameters (labelled

in Table 6.3) are relevant for Super-Kamiokande, so the rest are ignored in the os-

cillation analysis. Although the strong correlations between the ND280 and Super-

Kamiokande flux parameters resulted in similar constraints, many of the cross section

parameters (especially those specific to oxygen, and most notably, CC 2p-2h 16O, with

a large uncertainty and a large change in central value) were not meaningfully con-

strained by this analysis.

In addition to the parameter values reported by this analysis, their uncertainties

are passed to the oscillation analyses through their covariance matrix. As discussed

earlier, although the prior covariances for the flux and cross section parameters were

independent, this analysis determines the covariance of the full set of parameters.

There are therefore correlations between the flux parameters and the cross section

parameters, as they are both capable of changing the event rate in the ND280 samples.

For the parameters used in the oscillation analyses, the prior correlation matrix and

the correlation matrix determined from this analysis are shown in Figure 6.5. As

can be seen there, the correlations between some cross section parameters and the

flux parameters can be quite strong, which is therefore important for the oscillation

analysis to take into account. The effect of this analysis on the event rates and

energy spectrum predicted at Super-Kamiokande (and through them, the oscillation

analysis) is discussed in Section 7.5.



105

C
or

re
la

tio
n

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

Parameter number
0 10 20 30 40 50 60

Pa
ra

m
et

er
 n

um
be

r

0

10

20

30

40

50

60

C
or

re
la

tio
n

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

Parameter number
0 10 20 30 40 50 60

Pa
ra

m
et

er
 n

um
be

r

0

10

20

30

40

50

60

Figure 6.5: Correlation matrices for the parameters passed to the oscillation analyses
both before (left) and after (right) the analysis of the ND280 data. Parameters 0-49
are the Super-Kamiokande flux parameters in the same order as Figure 6.1b, and the
remaining parameters are the cross section parameters “Used at SK” in the same
order as in Table 6.3.
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Figure 6.6: Values and uncertainties of the neutrino mode flux parameters for ND280
and Super-Kamiokande, prior to and after the analysis.
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Figure 6.7: Values and uncertainties of the antineutrino mode flux parameters for
ND280 and Super-Kamiokande, prior to and after the analysis.
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Figure 6.8: Values and uncertainties of the cross section parameters prior to and after
the analysis.
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Figure 6.9: Momentum and angular projections of the neutrino mode samples, show-
ing the uncertainty in each bin due to combined flux, cross section, and detector
systematic uncertainties, before and after the analysis.
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Figure 6.10: Momentum and angular projections of the antineutrino mode muon
antineutrino samples, showing the uncertainty in each bin due to combined flux,
cross section, and detector systematic uncertainties, before and after the analysis.
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Figure 6.11: Momentum and angular projections of the antineutrino mode muon
neutrino samples, showing the uncertainty in each bin due to combined flux, cross
section, and detector systematic uncertainties, before and after the analysis.



112

Muon momentum (MeV/c)
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

E
ve

nt
s/

(1
00

 M
eV

/c
)

0

500

1000

1500

2000

2500
Data

 CCQEν

 CC 2p-2hν

π CC Res 1ν

π CC Coh 1ν

 CC Otherν

 NC modesν

 modesν

Muon momentum (MeV/c)
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

E
ve

nt
s/

(1
00

 M
eV

/c
)

0

500

1000

1500

2000

2500
Data

 CCQEν

 CC 2p-2hν

π CC Res 1ν

π CC Coh 1ν

 CC Otherν

 NC modesν

 modesν

θMuon cos
0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1

E
ve

nt
s/

(0
.0

1)

0

200

400

600

800

1000

1200

1400

1600 Data

 CCQEν

 CC 2p-2hν

π CC Res 1ν

π CC Coh 1ν

 CC Otherν

 NC modesν

 modesν

θMuon cos
0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1

E
ve

nt
s/

(0
.0

1)

0

200

400

600

800

1000

1200

1400

1600 Data

 CCQEν

 CC 2p-2hν

π CC Res 1ν

π CC Coh 1ν

 CC Otherν

 NC modesν

 modesν

Figure 6.12: Data and simulated event sample momentum and angular projections of
the CC-0π sample (neutrino mode), before (left) and after (right) the analysis, with
the simulated event sample broken down by interaction channel.
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Figure 6.13: Data and simulated event sample momentum and angular projections of
the CC-1π sample (neutrino mode), before (left) and after (right) the analysis, with
the simulated event sample broken down by interaction channel.
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Figure 6.14: Data and simulated event sample momentum and angular projections
of the CC-Other sample (neutrino mode), before (left) and after (right) the analysis,
with the simulated event sample broken down by interaction channel.
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Figure 6.15: Data and simulated event sample momentum and angular projections
of the ν̄µ CC-1-Track sample (antineutrino mode), before (left) and after (right) the
analysis, with the simulated event sample broken down by interaction channel.
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Figure 6.16: Data and simulated event sample momentum and angular projections of
the ν̄µ CC-N-Tracks sample (antineutrino mode), before (left) and after (right) the
analysis, with the simulated event sample broken down by interaction channel.
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Figure 6.17: Data and simulated event sample momentum and angular projections
of the νµ CC-1-Track sample (antineutrino mode), before (left) and after (right) the
analysis, with the simulated event sample broken down by interaction channel.
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Figure 6.18: Data and simulated event sample momentum and angular projections of
the νµ CC-N-Tracks sample (antineutrino mode), before (left) and after (right) the
analysis, with the simulated event sample broken down by interaction channel.
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Parameter Before analysis After analysis Calculation Used at SK

MQE
A (GeV/c2) 1.15 ± 0.07 1.14 ± 0.03 Spline Yes

pF
12C (MeV/c) 223 ± 12 222.7 ± 8.8 Spline No

CC 2p-2h 12C 27 ± 29 103 ± 17 Norm No
EB

12C (MeV) 25 ± 9 23.9 ± 7.3 Spline No
pF

16O (MeV/c) 225 ± 12 224 ± 12 Spline Yes
CC 2p-2h 16O 27 ± 104 103 ± 101 Norm Yes
EB

16O (MeV) 27 ± 9 27.0 ± 8.8 Spline Yes
CARES5 1.01 ± 0.12 0.86 ± 0.07 Spline Yes
MRES

A (GeV/c2) 0.95 ± 0.15 0.72 ± 0.05 Spline Yes
Isospin=1

2
Background 1.3 ± 0.2 1.49 ± 0.19 Spline Yes

νe/νµ 1.00 ± 0.02 1.00 ± 0.02 Spline Yes
CC Other Shape 0.0 ± 0.4 0.02 ± 0.19 Spline Yes
CC Coh 12C 1.0 ± 1.0 0.02 ± 0.16 Norm No
CC Coh 16O 1.0 ± 1.0 1.08 ± 0.97 Norm Yes
NC Coh 1.0 ± 0.3 0.98 ± 0.30 Norm Yes
NC Other 1.0 ± 0.3 1.41 ± 0.19 Norm Yes
FSI Inel. Low E 0.00 ± 0.41 -0.31 ± 0.15 Spline No
FSI Inel. High E 0.00 ± 0.34 0.12 ± 0.24 Spline No
FSI Pion Prod. 0.00 ± 0.50 -0.18 ± 0.35 Spline No
FSI Pion Abs. 0.00 ± 0.41 -0.07 ± 0.24 Spline No
FSI Ch. Exch. Low E 0.00 ± 0.57 0.67 ± 0.43 Spline No
FSI Ch. Exch. High E 0.00 ± 0.28 -0.10 ± 0.19 Spline No

Table 6.3: Cross section parameter values before and after the ND280 analysis. Pa-
rameters used at Super-Kamiokande in the oscillation analysis are identified as such.
Whether a parameter is applied as a normalization, or requires calculation of a re-
sponse function (a cubic spline) is also indicated.
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6.4.2 Goodness of fit

As discussed in Section 6.1, the minimized quantity ∆χ2
ND280 is expected to follow

a χ2 distribution, giving a natural measure of goodness of fit in the p-value of this

analysis result. In order to determine the p-value, the value of ∆χ2
ND280 for 398 toy

fake data analysis results (toy experiments) are considered. These toy experiments

were generated by choosing values for the flux, cross section, and detector systematic

parameters according to their covariance, and using these values to tune the simulated

event sample. In order to best approximate the expected response of the ND280

detector systematics, instead of tuning the observable normalization (~d) parameters

used in this analysis, these toy experiments are generated by tuning the detector

systematic parameters dicussed in Section 5.4. In determining the content of each bin

of each toy experiment, each event weight was multiplied by the result of a draw from

a Poisson distribution of mean 1, in order to account for statistical uncertainty due to

the finite size of the simulated event sample. Once the bin content was determined,

its value was used as the mean of a Poisson distribution from which the final bin

content was drawn, in order to model the statistical uncertainty in each bin.

The fraction of these toy analyses with ∆χ2
ND280 greater than that found for the

analysis of data is the p-value of this analysis result. A p-value of 0.05 was chosen

prior to this procedure as the p-value below which the appropriateness of the model

would be questioned. The resulting ∆χ2
ND280 distribution of the toy experiments

is shown in Figure 6.19, with the result of the analysis of the data overlaid. The

corresponding p-value is just above 0.05, and therefore acceptable.

The astute reader may notice that the distribution shown in Figure 6.19 is flatter

with a longer tail to high values than a χ2 distribution with the same mean would be.

This is an artifact of the two different ways of treating the ND280 detector systematic

uncertainties. As mentioned earlier in this section, the toy experiments were gener-

ated using the treatment of the ND280 detector systematics discussed in Section 5.4,

while the analysis uses the observable normalization parameter treatment discussed

in Section 6.2.4. This means that the toy experiments more accurately represent

the ND280 detector systematics, but any non-Gaussian features in their response,

when analyzed under the assumption of the Gaussian observable normalization pa-

rameters, results in the distortion of this distribution. For comparison, Figure 6.20

shows that if the toy experiments are generated with the observable normalization

parameter treatment of the ND280 detector systematics, the resulting distribution is
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Figure 6.19: The distribution of ∆χ2
ND280 values from performing the analysis on 398

toy experiments, with the value from the analysis of the data superimposed.

the properly shaped χ2 that is expected.

6.4.3 Comparison to alternative analysis method

In addition to the analysis described here, there another analysis was performed that

uses a Markov Chain Monte Carlo (MCMC) method to measure neutrino oscillation

parameters by simultaneously analyzing ND280 and Super-Kamiokande data. The

MCMC analysis can be restricted to considering only ND280 data, making it an

independent cross-check, albeit using the same inputs (flux, cross section, and detector

systematics, and event selection code.) A comparison of the results of the two analyses

is shown in Fig. 6.21. There is good agreement between the results of the two analyses,

suggesting that neither method is less valid than the other.
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Figure 6.20: A demonstration that the deviations from a χ2 distribution of the ∆χ2

of the toy experiments used in the goodness of fit test (in black, from Figure 6.19)
is due to the observable normalization parameters being an imperfect approximation
of the response of the detector systematic parameters. When toy experiments are
generated using the observable normalization treatment instead, the blue distribution
is produced, which is much closer to the expected χ2 shape, superimposed in red.
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and the results of an alternate analysis (denoted MaCh3), showing good agreement
between the two different analysis methods. From [61].
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Chapter 7

Event selection at

Super-Kamiokande and the

oscillation analysis

As described in Chapter 3, the experiment is setup in order to maximize muon neu-

trino disappearance at Super-Kamiokande. Muon antineutrino disappearance is re-

vealed by a deficit of muon antineutrinos at Super-Kamiokande, relative to the model

prediction (that is to say, the muon antineutrinos are observed to have disappeared).

This chapter describes how muon antineutrino events are selected, how systematic

uncertainties are treated, and finally, how antineutrino oscillation parameters are

estimated, and the results of this measurement [21].

7.1 Event selection

As discussed in Section 3.1, the probability of muon antineutrino disappearance is

strongly dependent on the antineutrino energy. Therefore, accurately reconstructing

the energy of the muon antineutrinos that interact in the detector is of paramount

importance. To this end, the Super-Kamiokande event selection aims to select events

where the true interaction type was CCQE, and where the relevant kinematic variables

for energy reconstruction can be accurately measured (outgoing muon momentum and

angle, as shown in Eq. 2.13).

The event selection begins by requiring that an event be what is referred to as a

Fully Contained Fiducial Volume or “FCFV” event, that occurs in a window (-2 µs
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to 10 µs) around the arrival of the beginning of a J-PARC beam spill at Super-

Kamiokande. The definition of the FCFV sample used as the starting point for the

T2K selections originates in the Super-Kamiokande atmospheric neutrino analyses.

This allows T2K to benefit from the experience of the Super-Kamiokande atmospheric

neutrino program.

The first part of the FCFV selection involves selecting events that are Fully Con-

tained. As discussed in Section 3.4, Super-Kamiokande is divided into two separate

volumes: the Inner Detector (ID), which is heavily instrumented to study the events

within it, and the Outer Detector (OD), which helps veto external backgrounds. For

an event to be Fully Contained, all of its outgoing particles must remain inside the

ID. This is checked by looking for charge deposition in the OD, and requiring that

the number of PMTs in the highest charge cluster in the OD is less than 16. A Fully

Contained (“FC”) event therefore is contained in a region where it can be best mea-

sured, and is less likely to be a background event from outside the detector that was

mistaken for an event inside the ID.

The second part of the FCFV selection involves restricting consideration to only

those FC events that can be accurately reconstructed. Of concern is that a neutrino

interaction taking place too close to the PMTs may be difficult to reconstruct properly.

So, a Fiducial Volume is defined, within which there is confidence in the reconstruction

algorithm. The Fiducial Volume (“FV”) is defined as a virtual cylinder inside the

ID, whose walls are 200 cm from the interior walls of the ID. Therefore, an FC event

is in the FV if its vertex is at least 200 cm from the nearest ID wall. Finally, the

FCFV sample also requires that the sum of all visible energy from reconstructed

Cherenkov rings is greater than 30.0 MeV (that is to say, enough energy is deposited

in the PMTs to be confident in what they reconstruct as an event, which excludes

low energy backgrounds).

To understand the size of the backgrounds and the effectiveness of the FCFV

selection, consider the earlier neutrino mode analysis described in [8]. To summarize

its description of backgrounds, events with sufficiently large OD activity (such as

cosmic rays) occurred at roughly the same rate as beam events would in a 20 µs time

bin after the beam arrival time, and low energy background events in the ID (such as

those due to radioactivity) were roughly 10 times more frequent. Nonetheless, of the

377 events that were classified as FCFV in that analysis, only 0.0085 were expected

to be due to background events that were not produced by the T2K beam.

Once the FCFV sample has been obtained, a series of additional selection cuts
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are applied in order to arrive at a useful event sample. In the case of this analysis, a

sample enriched in ν̄µ CCQE interactions is desired.

To start, it is required that only one Cherenkov ring is reconstructed. This cut

is meant to remove both Charged Current (“CC”) events where a charged particle

above Cherenkov threshold was produced in addition to the muon (e.g. CCRES),

and Neutral Current events where pions were produced, which decayed into particles

producing multiple rings in the detector.

Once in possession of an FCFV sample with one Cherenkov ring, it is required

that this Cherenkov ring be identified as muon-like, as described in Section 3.4. This

cut is meant to specifically select interactions where a muon was produced (instead

of an electron), thus selecting for ν̄µ CC interactions.

The next selection cut that is performed on the sample is to require that the muon

candidate’s reconstructed momentum (as described in Section 3.4) is greater than

200 MeV/c. This cut is necessary for optimal performance of the particle identification

algorithm. It also reduces contamination due to events where the muon was below

Cherenkov threshold.

The final selection cut requires that the number of Michel electrons observed is less

than or equal to one. As described in Section 3.3.2, a Michel electron is the electron

produced by the decay of a muon, which results in delayed charge deposited in the

detector. Since the outgoing muon in the sample at this point is indeed supposed to

stop within the detector, the one decay electron allowed by this cut is necessary to not

cut out good ν̄µ CC events. However, if charged pions were produced in the neutrino

interactions and were below Cherenkov threshold, they could decay to muons which

would subsequently decay to produce Michel electrons. Therefore, this cut allows

true CCQE events to pass the selection, while reducing the contamination from CC

events containing additional charged pions that did not produce Cherenkov rings.

In summary, the following sequence of selection cuts is applied in order to prefer-

entially select ν̄µ CCQE events in antineutrino beam mode.

1. Is a Fully Contained Fiducial Volume (FCFV) event.

2. Only one Cherenkov ring is found.

3. The Cherenkov ring is identified as muon-like.

4. The muon candidate’s reconstructed momentum is greater than 200 MeV/c.

5. The number of Michel electrons observed is less than or equal to one.
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It should be noted that this event selection cannot discriminate between µ+ (orig-

inating from a ν̄µ CC interaction) and µ− (originating from a νµ CC interaction.)

The reason that these selection cuts result in selecting mostly ν̄µ CC interactions

arises from this selection being performed in antineutrino beam mode. Any νµ CC

interactions (due to νµ in the beam) satisfying these cuts are selected into this sample.

Detector systematic uncertainties are calculated for the event selection. The sizes

of these uncertainties are arrived at by comparing data and the model prediction

for Super-Kamiokande atmospheric neutrino and cosmic ray muon control samples.

How these uncertainties are propagated in the oscillation analysis is discussed in

Section 7.3.

7.2 The model

Neutrino interactions within the Super-Kamiokande detector are simulated using

NEUT 5.3.2 [62], with input from the beam simulation as to the expected neutrino

flux. The response of Super-Kamiokande to the outgoing particles from these interac-

tions is simulated with SKDETSIM v13p90, which is based on GEANT3 [42]. This is

then processed by the 14b SuperK software. A sample was generated for each neutrino

flavour (ν̄µ, ν̄e, νµ, and νe) using the nominal flux model (i.e. assuming no neutrino

oscillations and nominal systematic parameter values). In addition, the nominal ν̄µ

and νµ fluxes are used to create samples that represent neutrino oscillation producing

ν̄e and νe, respectively.

Like the ND280 analysis described in Chapter 6, the oscillation analysis requires

making a comparison between the observed data and the model prediction, for various

model parameter values. In the case of the oscillation analysis, this comparison is

done using the distribution of reconstructed neutrino energy, as this is the variable

most relevant for estimating neutrino oscillation parameters.

However, in order to properly handle neutrino flux and cross section systematic

effects (Section 7.3), more information from the model must be considered in the anal-

ysis: the true energy of the neutrino, its true flavour, and the true reaction mode. This

is accomplished by performing the event selection described in Section 7.1 on the sim-

ulated events, constructing templates, which are two dimensional histograms binned

in reconstructed neutrino energy and true neutrino energy. One template is generated

for each reaction mode (CCQE, CC 2p-2h, CC1π, CC Coherent, CC Other, NC 1π±,

NC 1π0, NC Coherent, and NC Other) for each of the neutrino flavours mentioned
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earlier in this section (unoscillated ν̄µ, ν̄e, νµ, νe). For oscillated ν̄e and oscillated νe,

only CC templates are included. This is because all flavours will interact similarly un-

der NC processes, so the NC templates would not change under neutrino oscillations.

In addition, there are no ντ or ν̄τ templates. Although they are similarly included in

the NC templates, CC interactions for them would have an energy threshold around

3.5 GeV, which has a negligible effect on this analysis. This provides a total of 46

templates, each divided into 84 true energy bins and 73 reconstructed energy bins.

The reconstructed energy binning of the templates is the same as the binning used for

the data. As a result, summing over the true energy bins and the templates produces

the model prediction for a given reconstructed energy bin, which is compared to the

data observation in the analysis discussed in Section 7.4.

Using the oscillation parameter values in Table 7.3, and grouping some related

templates together, the model prediction separated into groups of reaction modes is

shown in Figure 7.1. Although this distribution is dominated by the signal ν̄µ CCQE,

there are indeed large contributions from the other reaction modes, as well as so-

called “wrong sign” events due to νµ in the antineutrino beam. This underscores

the importance of understanding and properly handling the model uncertainties in

the beam flux, cross sections, and detector response, which is discussed in the next

section.

7.3 Treatment of systematic uncertainties

As described in Section 6.1, uncertainties in the neutrino beam flux model, the cross

section model, and in the detector model give rise to uncertainties in the event rate

predicted at Super-Kamiokande, and therefore need to be considered in the oscillation

analysis.

7.3.1 Flux model uncertainties

As discussed in Section 6.2.2, the beam simulation provides 100 correlated flux pa-

rameters, 50 for ND280 and 50 for Super-Kamiokande, that provide a normalization

weight for bins of true neutrino energy for νµ, νe, ν̄µ and ν̄e in both beam modes. The

beam model also provides constraints on these parameters from external data, and the

correlations between them. The ND280 measurement provides a further constraint on

these parameters, along with updated correlations between them and with the cross
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Figure 7.1: The model prediction for the Super-Kamiokande reconstructed neutrino
energy spectrum, separated into groups of reaction modes. Neutrino oscillations with
parameter values given in Table 7.3 have been applied. From [93] (T2K official plots
associated with [21]), with modified legend.

section model parameters. Since the only Super-Kamiokande data being considered

in this oscillation analysis is from antineutrino beam mode, only the 25 antineutrino

beam mode Super-Kamiokande flux parameters are applicable to the bin contents of

the templates. Since the true neutrino energy binning for the templates is much finer

than the binning of the flux parameters, the applicable flux parameter for a given

true neutrino energy bin is applied as a multiplicative weight to the corresponding

bins in the templates.

7.3.2 Cross section model uncertainties

As discussed in Section 6.2.3, the neutrino interaction cross section model provides

a number of parameters that can be tweaked, and constraints on them based on

external data (including correlations between them). In addition to the external data

constraints, the ND280 measurement provides a further constraint on some of these

parameters and provides estimates of the correlations between them and with the flux
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parameters.

Since Super-Kamiokande only contains oxygen as a neutrino target, only the cross

section parameters that are relevant for interactions on oxygen are applicable to

the bin contents of the templates. These cross section model parameters are either

normalizations for individual reaction modes over all neutrino energies (i.e. apply to

one or more specific templates), or have a functional response for a reaction mode as

a function of true neutrino energy. Functional responses are computed for each true

neutrino energy bin for a representative sample of values, and interpolated between

those values with a cubic spline. In both cases, this results in a multiplicative weight

for a given template and true neutrino energy bin. In Table 6.3, the parameters

that are relevant to the oscillation analysis are labelled as such, and the method of

calculating their effect on the oscillation analysis is also listed.

7.3.3 Detector model uncertainties, and FSI+SI

As mentioned in Section 7.1, detector systematic uncertainties are computed using

a number of different control samples and comparing the difference between data

and the model, which are then parametrized as efficiencies. In order to incorporate

these efficiencies into the oscillation analysis, a total of 6 parameters are defined,

corresponding to a normalization factor applied to bins of reconstructed energy in

various templates (shown in Table 7.1). Toy simulated samples are generated with

different values for the efficiency parameters, and used to calculate the covariance of

the 6 parameters.

Parameter Uncertainty
νµ and ν̄µ CCQE, Ereco < 0.4 GeV 0.018

νµ and ν̄µ CCQE, 0.4 GeV ≤ Ereco ≤ 1.1 GeV 0.016
νµ and ν̄µ CCQE, Ereco > 1.1 GeV 0.016

νµ and ν̄µ CCnonQE 0.093
νe and ν̄e CC 1.003

All NC 0.597

Table 7.1: The parametrization of the Super-Kamiokande detector and FSI+SI sys-
tematic parameters, including their 1σ uncertainty from their covariance matrix. The
6 parameters are defined by the templates they scale, and may be restricted to a range
of reconstructed neutrino energy. From [21].

In addition, uncertainties associated with interactions of the particles produced in

the neutrino interaction with the nucleus (“FSI”, described in Section 2.2) and sec-
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ondary interactions of the particles that have left the nucleus with detector materials

(“SI”, described in Section 5.4.16 as reinteractions) must be considered separately

for Super-Kamiokande and ND280. This is both because the nuclear target is dif-

ferent (oxygen at Super-Kamiokande and carbon at ND280), and because the same

model used for FSI in NEUT is also used for SI in Super-Kamiokande (instead of the

Geant4 model used in ND280.) As with the detector model uncertainties, toy simu-

lated samples were generated with different values of the FSI+SI model parameters,

which were used to determine the additional uncertainty on the 6 parameters for the

different modes and reconstructed energy bins. The resulting covariance matrix is

added linearly to that arising from the selection criteria. The result is shown in Ta-

ble 7.1. The resulting weight for these parameters is therefore a function of the mode

and reconstructed energy bin, which is used to scale the corresponding templates.

There is one additional detector model uncertainty parameter that is treated dif-

ferently: the energy scale uncertainty. This is a source of uncertainty stemming from

differences between the reconstructed neutrino energy in the model and in data, es-

timated by control samples to be 2.4%. Its effect on the predicted number of events

in a reconstructed neutrino energy bin in data is calculated by scaling the bin edges

of the MC templates, and calculating the number of events that are gained from or

lost to neighbouring bins (assuming that the events are uniformly distributed within

the bins.) The content of the reconstructed energy bin it applies to is thus weighted

accordingly.

7.3.4 Effect of uncertainties

The size of the uncertainties in the model spectrum can be seen by drawing sets of

correlated parameters (as was done for the ND280 analysis described in Chapter 6)

with which to generate toy simulated samples. If any parameter value that was

drawn results in a negative number of events predicted in any reconstructed energy

bin in any template, that set of parameters is rejected, and another set of parameters

drawn. This procedure is used to create 100000 toy simulated experiments, from

which the 1σ spread of each bin’s content was calculated. The result of doing this

(assuming neutrino and antineutrino oscillation with the parameters from Table 7.3)

is shown in Figure 7.2, both without using the results of the ND280 measurement,

and after applying the results of the ND280 measurement. The uncertainty is not

significantly reduced because the model parameters that are most responsible for
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the rate uncertainty are not constrained by the ND280 measurements. However, an

overall increase is seen in the predicted rate. A breakdown of the contributions to the

uncertainty in the predicted event rate of different types of systematic parameters is

shown in Table 7.2, with the effect of the ND280 analysis noted.
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Figure 7.2: The reconstructed neutrino energy spectrum at SK under the model prior
to application of the ND280 constraint, and after application of the ND280 constraint
(in both cases, corresponding to 4.011×1020 POT). The effect of neutrino oscillations
as also been applied, using the parameter values in Table 7.3. From [93] (T2K official
plots associated with [21]), with modified legend.

7.4 Oscillation analysis method

As discussed in Section 2.3, the neutrino oscillation parameters of the PMNS matrix

should apply to neutrinos and antineutrinos alike. Given that sin2 θ23 and |∆m2|
(|∆m2

32| for Normal Hierarchy and |∆m2
31| for Inverted Hierarchy) have been precis-

esly measured by T2K in neutrino beam mode [7], a measurement in antineutrino

beam mode provides an opportunity to check whether this is true. As was discussed

in Section 2.3, this also provides a test of the CPT Theorem. So, this analysis sets
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Uncertainty in event rate (%)
Source of uncertainty without ND280 with ND280
Flux and cross section (common with ND280) 9.2 3.4
Cross section (oxygen-only) 10
Super-Kamiokande FSI + SI 2.1
Super-Kamiokande detector 3.8
Total 14.4 11.6

Table 7.2: Contribution of different sources of systematic uncertainty to the uncer-
tainty in the number of events predicted at Super-Kamiokande, with the effect of the
ND280 measurement shown. Table data from [94].

out to measure a separate set of antineutrino parameters, sin2 θ̄23 and |∆m̄2|, and

uses separate parameters for neutrinos and antineutrinos for all other oscillation pa-

rameters, as shown in Table 7.3.

Parameter NH analysis value IH analysis value
sin2 θ23 0.527 0.533

sin2 θ̄13 and sin2 θ13 0.0248 0.0252
sin2 θ̄12 and sin2 θ12 0.304 0.304

|∆m2
32| 2.51× 10−3 eV2/c4 –

|∆m2
31| – 2.48× 10−3 eV2/c4

∆m̄2
21 and ∆m2

21 7.53× 10−5 eV2/c4 7.53× 10−5 eV2/c4

δCP -1.55 -1.56

Table 7.3: Oscillation parameter values that are fixed, for both Normal Hierarchy
(NH) and Inverted Hierarchy (IH) analyses. Their values come from an earlier
T2K frequentist analysis with reactor constraint [8] where available, and otherwise
from [79]. From [21].

The oscillation probabilities for each template are calculated using the three-

flavour framework as described in Section 2.3, with separate oscillation parameters

for neutrinos and antineutrinos, and including matter effects due to the MSW effect

(described in Section 2.3.2), where a constant density of 2.6 g/cm3 for the Earth’s

crust has been assumed.

The oscillation analysis is performed using a binned likelihood-ratio method, sim-

ilar to that used for the ND280 analysis described in Chapter 6. The observed data

and the model prediction are compared for various values of sin2 θ̄23 and |∆m̄2| and

the systematic parameters, including a term that considers the prior values and prior

covariance of the systematic parameters. The values of the parameters that minimize
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Equation 7.1 [21] are the point estimates resulting from this analysis.

− 2 lnλ(sin2 θ̄23, |∆m̄2|; a)

= 2 ·
N−1∑
i=0

(
nobsi · ln(nobsi /nexpi ) + (nexpi − nobsi )

)
+ (a− a0)T ·C−1 · (a− a0) (7.1)

The variables in Equation 7.1 are defined as follows:

• N is the number of reconstructed neutrino energy bins.

• a is a vector of the current values of the 44 systematic parameters, described in

Section 7.3. It is varied during the minimization of Equation 7.1, with each of

the systematic parameters restricted to the range [−3σ,+3σ] about their prior

value.

• a0 is a vector of the prior values of the systematic parameters.

• C is the prior covariance matrix of the systematic parameters.

• nobsi is the number of events observed in the data in reconstructed neutrino

energy bin i.

• nexpi = nexpi (sin2 θ̄23, |∆m̄2|; a) is the model prediction for reconstructed energy

bin i. It varies with the oscillation parameters and systematic parameters during

the analysis, as described in Section 7.2.

As was the case with the similar quantity used in the ND280 analysis described

in Chapter 6, −2 lnλ(sin2 θ̄23, |∆m̄2|; a) has a χ2 distribution in the large sample

limit, and can therefore be used as a goodness of fit test (which is discussed more in

Section 7.5). Because of this, we also define Equation 7.2, and use the two notations

interchangeably.

χ2(sin2 θ̄23, |∆m̄2|; a) ≡ −2 lnλ(sin2 θ̄23, |∆m̄2|; a) (7.2)

Equation 7.1 is minimized using the Minuit [66] MIGRAD algorithm. This is

done separately for each mass hierarchy. For each mass hierarchy, two initial seeds

are considered. The first seed values for the oscillation parameters are sin2 θ̄23 = 0.6

and |∆m̄2| = 2.4 × 10−3 eV2/c4. For the second seed values, the mirror point in
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the other octant for the result for sin2 θ̄23 found using the first seed is used, and the

result from the first seed is used for |∆m̄2|. After the analysis has been successfully

performed, the HESSE algorithm (described in Section 6.2) is also used to improve

the estimate of the uncertainties on the parameters determined by Minuit.

The uncertainties of sin2 θ̄23 and |∆m̄2| are determined using the method of

constant-∆χ2 [37] (p. 390-401). Specifically, in order to construct the 2D confidence

contours, the following procedure [21] is followed.

1. Construct a 2-dimensional grid of points in sin2 θ̄23 and |∆m̄2|, with grid spacing

δ(sin2 θ̄23) = 5× 10−3 and δ|∆m̄2| = 5× 10−5.

2. For each grid point, minimize Equation 7.1 with both sin2 θ̄23 and |∆m̄2| fixed

at their value at the grid point, but allowing all other parameters to float.

3. The 2D region bounded by the contours contains all grid points where:

∆χ2(sin2 θ̄23, |∆m̄2|) = χ2(sin2 θ̄23, |∆m̄2|; a)− χ2
min < ∆χ2

critical (7.3)

where χ2
min is the minimum value of χ2(sin2 θ̄23, |∆m̄2|; a) obtained in the analy-

sis, and ∆χ2
critical is 2.30 (68% CL), 4.61 (90% CL), 5.99 (95% CL), or 9.21 (99% CL).

In order to obtain 1D confidence intervals on sin2 θ̄23 and |∆m̄2|, a similar pro-

cedure is followed, but the value of the 2nd oscillation parameter is allowed to float

along with the other nuisance parameters, and the ∆χ2
critical values are 1.00 (68% CL),

2.71 (90% CL), 3.84 (95% CL), and 6.63 (99% CL).

As was done for the ND280 analysis described in Chapter 6, this analysis was

validated by performing it on the Asimov data set and additional fake data sets. The

results of this analysis were also compared to those of two different analysis methods,

and all three analyses were found to be consistent.

7.5 Oscillation analysis results

Using the method described in Section 7.4, the analysis was performed on the T2K

antineutrino beam mode data taken in June 2014 and from November 2014-June 2015,

totalling 4.011 × 1020 POT. For the analysis assuming Normal Hierarchy, the data

and the best-fit model prediction are shown in Figure 7.3.

For the Normal Hierarchy analysis, the oscillation parameter values found are [21]:
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Figure 7.3: The data at Super-Kamiokande and the best-fit (NH) model prediction.
From [93] (T2K official plots associated with [21]).

sin2 θ̄23 = 0.450 , with 0.327 < sin2 θ̄23 < 0.692 at the 90% confidence level and

|∆m̄2
32| = 2.518×10−3 eV2/c4, with 2.03×10−3 eV2/c4 < |∆m̄2

32| < 2.92×10−3 eV2/c4

at the 90% confidence level.

For the Inverted Hierarchy analysis, the oscillation parameter values found are [21]:

sin2 θ̄23 = 0.453 , with 0.332 < sin2 θ̄23 < 0.697 at the 90% confidence level and

|∆m̄2
31| = 2.490×10−3 eV2/c4, with 2.03×10−3 eV2/c4 < |∆m̄2

31| < 2.92×10−3 eV2/c4

at the 90% confidence level.

The small number of events in each reconstructed neutrino energy bin in the

analysis is problematic for performing a meaningful goodness of fit test. Therefore, a

coarser binning is chosen with only 5 bins (as opposed to the 73 used in the analysis.)

The reconstructed energy bin boundaries are (GeV): 0.0, 0.4, 0.7, 1.0, 2.0, 30.0.

Then, using the parameter values found in the analysis to make a model pre-

diction with this new binning, χ2(sin2 θ̄23, |∆m̄2|; a) is calculated. Finally, 1000 toy

experiments are generated for both mass hierarchies, fixing the oscillation parame-

ters at their best fit values, but choosing different values of all 44 systematic pa-

rameters according to their prior covariance, along with statistical variations. The

analysis is then performed on each of the toy experiments, and the resulting values

of χ2(sin2 θ̄23, |∆m̄2|; a) for each toy make up a χ2 distribution used to determine

the goodness of fit by counting the fraction of toys with χ2 greater than that of the
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analysis of the data. The resulting p-values [21] are 0.34 (NH) and 0.38 (IH), which

are acceptable. For Normal Hierarchy, the best-fit model prediction in this coarser

binning is shown with the observed data in Figure 7.4. Also included is the model

prediction in the absence of oscillations, demonstrating the large deficit of muon an-

tineutrinos that is the characteristic of muon antineutrino disappearance.

Figure 7.4: The Super-Kamiokande data shown with the best-fit (NH) model predic-
tion, and the model prediction in the absence of neutrino oscillations. The coarser
binning of the goodness of fit test is used. From [93] (T2K official plots associated
with [21]).

As discussed in Section 7.4, 2D confidence regions can be constructed. A number

of comparisons can be made with them. In Figure 7.5, two sets of contours are gener-

ated: one with statistical uncertainties alone (i.e. the systematic parameters are fixed

at their best-fit value), and one with statistical and systematic uncertainties (both

for Normal Hierarchy). The lack of significant difference between the two contours

suggests that this analysis is statistics limited (which is to say, more data is required

before any reduction of the systematic uncertainties would result in significantly de-

creasing the size of these contours).

In Figure 7.6, this result (NH and IH) is compared to that from the MINOS exper-

iment [11]. The shape of the MINOS contour and the two best-fit points shown are

due to the MINOS result being reported in sin2(2θ̄23), which has thus been converted

to sin2 θ̄23 to be shown with the T2K result. The T2K result is consistent with the
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MINOS result, and provides a tighter constraint on sin2 θ̄23.

Figure 7.5: Confidence regions generated from the (NH) analysis result (Stat+syst),
and using the result but without varying the systematic uncertainties (Stat only).
The 68% confidence regions are in black, and the 90% confidence regions are in red.
From [93] (T2K official plots associated with [21]).
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IH) compared to the result from MINOS. From [93] (T2K official plots associated
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Finally, the T2K muon antineutrino disappearance result is compared to the previ-

ous T2K muon disappearance result [7] in Figure 7.7 (both Normal Hierarchy). Both

results are consistent with each other, as is the expectation from neutrino oscillation

theory, and is consistent with the combined CPT symmetry being conserved.
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Figure 7.7: The 90% confidence regions generated from the analysis result (NH, muon
antineutrino disappearance in antineutrino mode) compared to those from the earlier
T2K muon neutrino disappearance analysis in neutrino mode. From [93] (T2K official
plots associated with [21]), with modified colour scheme.
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Chapter 8

Conclusions

A measurement of muon antineutrino disappearance has been made. Under the as-

sumption of Normal Hierarchy, this analysis determined oscillation parameter values

of

sin2(θ̄23) = 0.450 (8.1)

|∆m̄2
32| = 2.518× 10−3 eV2/c4 (8.2)

with 90% 1D confidence intervals

0.327 < sin2(θ̄23) < 0.692 (8.3)

2.03× 10−3 eV2/c4 < |∆m̄2
32| < 2.92× 10−3 eV2/c4 (8.4)

Under the assumption of Inverted Hierarchy, this analysis determined oscillation

parameter values of

sin2(θ̄23) = 0.453 (8.5)

|∆m̄2
31| = 2.490× 10−3 eV2/c4 (8.6)

with 90% 1D confidence intervals

0.332 < sin2(θ̄23) < 0.697 (8.7)

2.03× 10−3 eV2/c4 < |∆m̄2
31| < 2.92× 10−3 eV2/c4 (8.8)

These results are consistent with the previous MINOS measurement of muon an-
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tineutrino oscillation. In addition, they are consistent with the previous T2K mea-

surement of muon neutrino disappearance, and therefore with conservation of CPT

symmetry.

This measurement was performed by analyzing ν̄µ Super-Kamiokande data from

the T2K antineutrino beam mode running periods. T2K models for the neutrino

beam flux and neutrino interaction cross sections played an important role in this

measurement. Some of these model parameters were measured in a separate analysis

of ND280 νµ and ν̄µ data from both neutrino and antineutrino beam modes, and the

results used as an input to the oscillation analysis.

Future ND280 analyses making use of more subdetectors (in particular those con-

taining water) will be more sensitive to cross section model parameters used at Super-

Kamiokande in the oscillation analysis. In combination with more antineutrino beam

mode data, the uncertainty on future antineutrino oscillation parameter measure-

ments will be significantly reduced.
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[43] T.T. Böhlen, F. Cerutti, M.P.W. Chin, A. Fassò, A. Ferrari, P.G. Ortega,
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