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Abstract

This thesis describes two independent studies performed in the context of the T2K neutrino
oscillation experiment: a simulated study of an upgraded extended target for the T2K neutrino
beam, and a study of neutrino interactions in the BabyMIND near detector in T2K. In the first
study, a simulation of a potential upgrade to the T2K secondary beamline by inserting an extra
target at the downstream end of the first magnetic horn was carried out. Different choices of
materials are tested with density modification on some of the materials. Simulated results show
that titanium provides the best improvement to the ratio of right-sign and wrong-sign neutrino
fluxes, but other material properties suggest that silicon carbide is the optimal material out of all
the tested materials. Results also show that the materials used on the support structure for the
extra target should be minimized.

Another study performed in this thesis is the Monte-Carlo simulation of muon neutrino in-
teractions inside BabyMIND. The momenta of the muons from the simulated results are re-
constructed by measuring the range of the muons using the Bethe-Bloch formula. A migration
matrix is extracted from the correlation between true and reconstructed muon momenta. An un-
folding method based on Bayes’ theorem is used, in combination with the extracted migration
matrix, to extract the momenta from data collected during run 10 and run 11 of the T2K exper-
iment, to measure the ratio of antineutrinos to neutrinos observed in the forward-horn-current
configuration of T2K. The reconstruction of the data and the unfolding of the data gives the
wrong-sign ratios of 3.73% and 3.86% respectively between 0 and 2000MeV/c.
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Chapter 1

Introduction and Theory

1.1 Introduction

Discovery of Beyond Standard Model (BSM) physics has been one of the main goals in modern
particle physics, and neutrino physics is one of the aspects in particle physics that could show
evidence for BSM physics. As a result, properties of the neutrino and its interaction with other
particles are currently under study. This thesis aims to simulate the T2K neutrino beam with an
extended graphite target and to measure neutrino interactions in iron in the Baby Magnetized
Iron Neutrino Detector (BabyMIND) at the Tokai-to-Kamioka (T2K) experiment.

BabyMIND is a magnetized detector that is installed behind the WAter Grid And SCIntilla-
tor (WAGASCI) detector at JPARC, the Japanese Proton Accelerator Research Centre in Tokai
(Japan), and it aims to measure the charge and momentum of charged particles generated from
neutrino interactions, either in WAGASCI or BabyMIND itself. The BabyMIND is composed
of alternating scintillator plates and magnetized iron plates, that allows to track muons, from
charged current neutrino interactions, passing through BabyMIND to be bent by the horizontal
magnetic field. Through the magnetic field generated inside BabyMIND by coils around the
iron plates, particles with positive or negative charge will bend either upward or downward, due
to the Lorentz force,

~F = q~v×~B, (1.1)

where ~v is the velocity of the particle, q its charge and ~B the magnetic field, which is oriented
horizontally. Thus, this can be used to determine the charge and momentum of the particle. The
momentum can be determined by measuring the range of the particle in the detector, but also by
measuring its radius of curvature R, and using:

p = qBR. (1.2)

Since the curvature of the bent tracks can be used to determine the charge and momentum
of the particle, analyzing the muons recorded can give us information about the energy of the

1



CHAPTER 1. INTRODUCTION AND THEORY 2

neutrino, investigating the kinematics of the neutrino interaction, to perform a measurement of
neutrino scattering as a function of neutrino energy.

The main near detector of T2K is ND280 (Near Detector at 280 m), located on a different
location with respect to WAGASCI-BabyMIND, and thus the two detectors have different off-
axis angles that affect the mean energy of the neutrino flux passing through each of these two
detectors. The ND280 detector is located at a 2.5 degree off-axis angle from the beam, whilst
WAGASCI-BabyMIND has a 1.5 degree off-axis angle. As a result, the mean energy of the beam
passing ND280 is ∼600 MeV and the mean energy of the neutrino beam passing WAGASCI-
BabyMIND is ∼800 MeV.

This thesis will also include simulations of neutrinos from the beam at 280 m, the distance
that the ND280 and WAGASCI-BabyMIND detectors are located from the beam source, at off-
axis angles of 2.5 and 1.5 degrees respectively, to mimic the settings of ND280 and WAGASCI-
BabyMIND as much as possible. A comparison of the ND280 simulations to the official T2K
simulations of the ND280 flux will allow to benchmark the simulation programme, and will
allow to validate the new results at WAGASCI-BabyMIND.

Another simulation that will be included in this thesis is the simulation of the graphite neu-
trino target inside the first beam horn at the upstream section of the T2K neutrino beam. As there
is a desire to upgrade the whole system of T2K in order to improve the production of neutrino
interaction and neutrino oscillation research, one direction of the desired upgrade is the beam
generation. There is interest on modifying the target region and the first beam horn in order to
reduce the wrong-sign contamination of beam generation in T2K, thus improving the accuracy
of the system. This thesis also reports simulations of modifications to the T2K target inside the
first horn, in order to determine the potential benefits of such modifications for future upgrades
to the T2K neutrino target and horn system.

1.2 Standard Model

The Standard Model is a model that combines the electromagnetic, strong nuclear and weak nu-
clear forces, and has successfully predicted most of the experimental results in particle physics,
since its publication. The neutrino is a fundamental particle, constructed by the Standard Model
to have zero particle mass, neutral charge and has a left-handed helicity. Although there is a
large number of neutrinos existing in the universe (the second most abundant particle in the uni-
verse after the photon), neutrinos only interact through weak interactions and gravity, causing
them to be difficult to detect. While the Standard Model accomodates the existence of all the
particles observed so far, such as quarks, leptons, gauge bosons and the Higgs particle, there are
a few important contradictions between the Standard Model and experimental data. As a result,
a model beyond the Standard Model must exist in order to explain such contradictions, hence
different studies on beyond the Standard Model and experiments, such as the T2K experiment,
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aim to investigate these contradictions.

1.2.1 Quantum Field Theory (QFT)

Quantum Field Theory (QFT) is the theory that best explains microscopical physics to date. It
is a unification of classical field theory and quantum mechanics. While classical field theory
describes the dynamics of different types of fields, and is able to describe relativistic particles,
the classical field theory is not compatible with objects at an atomic scale, where properties
such as quantized energy, uncertainty principle and particles as wave functions are now neces-
sary to be taken into consideration. QFT is a theory that unifies relativistic classical field theory
and quantum mechanics, to provide explanations of the different interactions between different
particles, interactions between particles and fields, and also the different properties of particles
at this quantum scale. While QFT fails to include general relativity, which is significant only
with massive objects, and thus fails to explain the gravitational forces within the same frame-
work as the other three basic forces in the universe, it is currently the best theory that unifies
electromagnetism, the weak nuclear force and the strong nuclear force.

Instead of expressing potential energy V and the kinetic energy T of a given system or object
separately, the energy can be express in terms of the Lagrangian L, defined as follows,

L = T −V. (1.3)

In general, for any given Lagrangian L, there exists a Lagrangian density L that, when
integrating the Lagrangian density over all volume, gives back the Lagrangian itself,

L =
∫

d3xL (1.4)

and if the Lagrangian density is integrated not only over space, but also over a specific time
period, the integrated value over space-time is defined as an action S. For a field φ and its
first derivative ∂µφ that forms a Lagrangian density, the change of the density over the four-
dimensional space-time is as follows,

S≡
∫

d4xL (φ ,∂µφ). (1.5)

The integration of the Lagrangian density over space-time results in a scalar. A visualization
of the action between two space-time points could be different curves that connect two positions
on the field, and the field moves from one position to another one over a specific period of time.
While there are possibly an infinite number of paths for such an action, the principle of least
action must be obeyed in order to obtain a physically possible situation. Such a condition leads
to the field equation of motion.

The principle of least action states that for small variations of action between two positions
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q1 and q2, whilst there is an infinite number of curves connecting the two positions, only the
curve with the least action is physically preferred. In other words, if we specify the curve with
the least action to be S(t), then a curve with small variation with respect to S(t) is S′(t) and will
have the following expression:

S′(t) = S(t)+δS(t). (1.6)

To minimize the action, δS(t) should vanish. As a result,

δS(t) =
∫

d4xδL =
∫

d4x
(

∂L

∂φ
δφ +

∂L

∂ (∂µφ)
δ (∂µφ)

)
= 0 (1.7)

and after integration by parts and simplification,

δS(t) =
∫

d4x
(

∂L

∂φ
−∂µ

∂L

∂ (∂µφ)

)
δφ = 0 (1.8)

and thus, the Euler-Lagrange equation for the fields is obtained,

∂L

∂φ
−∂µ

∂L

∂ (∂µ φ̇)
= 0. (1.9)

The Euler-Lagrange equation describes the geodesic flow of the field, which means the
Euler-Lagrange equation is a representation of the flow, and the dynamics of the field physi-
cally. As a result, the fundamental idea for QFT is to determine the proper Lagrangian density,
which then can be used to determine the equation of motion and therefore understand quantum
interactions and particles. As the above equations describe fields, it is possible now to incor-
porate electromagnetic interactions and quantum mechanics in order to obtain the key features
leading to the Standard Model, where the neutrino, the focus of this thesis, is constructed. To
incorporate these areas into field theories, the idea of gauge theory, Lie group and symmetry has
to be introduced.

1.2.2 Particle and forces

To understand different particles and forces in the Standard Model, the study of Lie groups and
gauge theories is necessary. Symmetry is crucial to understand field theories, as the existence of
any symmetry immediately imposes a specific type of conservation law. Continuous symmetries
can be expressed as special matrix groups called Lie groups. The Lie group is also a differential
manifold that maps the Euclidian space. The reason Lie groups are important is that it is a
representation of symmetries, which means that it also represents different conservation laws
[1]. Lie groups can be expressed with matrix notations with a form of LG(n), where LG can be
different notations describing the specialty of this group, and n is the dimension of the matrix in
this Lie group. For example, SU(2) represents a special (S) unitary (U) matrix, showing that the
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matrix that represents the group has a determinant of 1 (special), has the property U†U =UU† =

I (unitary), and has a dimension of 2× 2. When a Lagrangian undergoes a transform under
one of these Lie groups, it is defined as undergoing a gauge transformation. Gauge theories
describe such transformations. The gauge theory, when quantized, creates gauge bosons, which
mathematically form some of the familiar particles in the Standard Model.

One of the main gauge theories in QFT is quantum electrodynamics (QED), with a Lie
group of U(1). QED is a quantum version of electromagnetism that is Abelian, that is, mean-
ing that the order of the elements inside the Lie group U(1) are position-invariant when doing
operations between such elements. The gauge boson of QED is the photon which mediates the
electromagnetic forces. QED provides the mechanism to calculate phenomena such as Compton
scattering or the probability amplitude of electrons and positrons in an electromagnetic interac-
tion. However, QED is often combined with another gauge theory with a Lie group of SU(2)
that represents the weak interaction via a Yang-Mills theory. The result is a SU(2)×U(1) gauge
group that merges the two interactions together to form the electroweak interaction. This new
group produces a total of four gauge bosons by spontaneous symmetry breaking. On top of the
photons from the QED gauge group, the vector bosons W+, W− and Z0 are also produced from
the SU(2) group that mediates the weak force. The electroweak interaction couples to the weak
charges and weak isospins of fermions, which when combined create charges in particles. It
also describes all known interactions of leptons. Here we denote the Lagragian density of the
electroweak force as LEW .

Another gauge theory in QFT is quantum chromodynamics (QCD) that is a SU(3) non-
Abelian Lie group. QCD is the theory of strong interactions between quarks and gluons, the
mediators of the strong force. It describes properties for particles such as their colour and their
chirality. Colour is a concept introduced to match the charge from electroweak interactions. The
colour is introduced to define a local symmetry, creating the SU(3) group through a Yang-Mills
theory. The gauge bosons for QCD are the gluons, responsible for mediating the strong nuclear
forces. Gluons also contain the colour charge, so they can interact with each other and with
quarks, which explains the short range of the strong force, and the fact that only colour-neutral
combinations of quarks and antiquarks (mesons) or three quarks and three antiquarks (baryons)
exist as stable configurations. Here we denote the QCD Lagrangian density as LQCD.

Chirality is a concept used to determine the relationship between the spin of a particle and
its momentum. When the spin of the particle has the same direction compared to the direction
of motion, then the particle is right-handed. On the other hand, if the two directions are opposite
to each other, the particle is said to be left-handed. This handedness, or helicity, is not exactly
the same as chirality as helicity can vary with different reference frames. However, they are
equivalent in massless particles and in most cases they are related. This chirality introduces a
symmetry called parity. The SU(2) Lie group that represents the electroweak interaction only
affects left-handed particles. It has been found that parity is conserved in electromagnetic and
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strong interactions, but it is violated in the weak interactions.
The Higgs mechanism is another crucial part of the Standard Model that explains the mass of

different particles. When the Higgs field interacts with the SU(2)×U(1) group, it spontaneously
breaks the symmetry, giving masses for the W and Z bosons, undergoing the Higgs mechanism.
Since the electromagnetic field does not interact with the Higgs field, photons are massless. For
the fermions, the interaction between the Higgs field and fermions also breaks the spontaneous
symmetry of the fermion fields, providing fermions with different masses. This is known as
the Yukawa interaction and provides fermions with mass. As a result, there should be an extra
term for the Lagrangian including this Yukawa interaction. The Lagrangian density of the Higgs
field, and the Yukawa interaction are denoted as LHiggs +LYukawa.

The Standard Model is the combination of the gauge theories above. When adding the
Lagrangian densities introduced previously together, the Lagrangian for the Standard Model is
obtained:

LSM = LQCD +LEW +LHiggs +LYukawa (1.10)

The Standard Model unifies the electromagnetic, weak and strong nuclear fields together to pro-
vide a mostly accurate theoretical framework for the microscopic part of physics. As a result,
the Standard Model belongs to the SU(3)×SU(2)L×U(1) Lie group. Figure 1.1 shows every
fundamental particle constructed by the Standard Model, except for the Higgs. The up, down,
charm, strange, top and bottom quarks undergo strong interactions. These quarks, when com-
bined together, form different new baryons, which are fermions such as protons (up, up, down)
and neutrons (up, down, down) or mesons, which are bosons such as the charged pions (up, anti-
down or anti-up, down). There are three pairs of leptons, the negatively charged lepton, and their
corresponding neutrinos with no charges. For each fermion in the model, there also exists a cor-
responding antiparticle that has the opposite charge. In this thesis, we will study muon-neutrino
interactions with nucleons that produce muons in the target detector. The electroweak theory
predicts that interacting neutrinos should always have a left-handed chirality, and the opposite
for antineutrinos. The theory also postulates that the neutrinos have zero mass.

While electromagnetic, weak and strong forces are explained and included in QFT, the last
of the four basic forces, gravity, has not been included in QFT since the effect of gravity is
negligible at the atomic scale. While general relativity explains gravity with the concept of
test masses following the curvature of spacetime created by massive objects, there lacks an
established connection between QFT and general relativity. Since the four basic forces coexist
in the universe, there must be a model, beyond the Standard Model, that can unify QFT and
general relativity. In order to find such model, it is desirable to investigate phenomena that
the Standard Model failed to explain within the model. Two of such phenomena is neutrino
oscillation and charge-parity (CP) violation.
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Figure 1.1: A demonstration of the Standard Model and all the fundamental particles predicted
(except for the Higgs particle), with masses, charges and spins included [2].

1.2.3 Charge, Parity and Charge-Parity (CP) symmetry

The idea of charge conjugation symmetry is brought up by electromagnetism, where the theory
should be invariant to particles having opposite charge such as electromagnetic interactions be-
ing the same for electrons and positrons, with negative and positive electric charge respectively.
The idea of parity symmetry comes from simple classical physics, if the sign of all spatial co-
ordinate are changed, the same rules of physics should be obeyed. These symmetries, and the
combination of the two, the charge-parity conversion holds true for all interactions except weak
interactions.

Charge and parity in electromagnetic and strong interactions are conserved. A parity trans-
formation can be seen as a change in spatial coordinates, which implies a change in the helicity
of the particle (the direction of the spin vector changes with respect to the direction of motion),
so the particle changes from left-handed to right-handed helicity or vice-versa. The amount of
matter and anti-matter in the universe may be related to the effect of charge and parity (CP)
transformations not being conserved in weak interactions, as was discussed by Sakharov [3].
However, observation shows that the abundance of matter is higher than antimatter, which sug-
gests that there is some asymmetry in the universe.

In order to study such asymmetry, Lee and Yang postulated that parity is not conserved in
weak interactions [4]. One experiment about beta decay on polarized Cobalt-60 [5] in 1957
showed that weak interactions do not conserve the parity symmetry. When the polarized Cobalt-
60 undergoes beta decay, it is expected, if parity symmetry were true in all cases, that the di-
rections of the emitted electrons with respect to the direction of the polarized nucleus should
be symmetric. However, the experiment showed that the beta particles from the beta decay
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favoured the direction that is opposite to the spin of the polarized nucleus. This means that the
parity transformation is not invariant when weak interactions are applied. However, the question
still remained on the overall conservation of charge conjugation and parity transformation (CP).

In 1964, an experiment about kaon decay showed that weak interactions may not obey CP
conservation [6]. This experiment showed that neutral kaons decayed after a long distance (KL)
to two-pions (even parity) with a fraction of ∼ 2×10−3, when it was expected that they should
only decay to three pions (odd parity). While the amount of two-pion decay is small (45 out
of 22700) it implies that there must be CP violation. While CP violation is proven by this
experiment, there are more experiments trying to discover more about CP violation in different
scenarios.

1.3 Neutrinos

1.3.1 Neutrinos, postulation and discovery

Neutrinos were first postulated by Pauli to conserve energy, momentum and angular momentum
in beta decay. Pauli postulated a neutral charged, massless particles that is emitted from the
nucleon when undergoing beta decay [7]. The neutrino was first discovered in the Cowan-
Reines experiment in 1956, where antineutrinos were produced from beta decay inside a nuclear
reactor. The antineutrinos then interact with protons to generate positrons that annihilate with
electrons to create gamma rays that are detectable [8]. To this date, detecting the product of
neutrino interactions is still the method to detect and study neutrinos, due to the extremely small
mass and neutral charge of the neutrino.

Muon neutrinos were discovered soon after the electron neutrino in 1962, by generating a
muon-neutrino beam from pion decay and shooting the neutrino beam through a 13.5m iron wall
[9]. The muons were then detected in an aluminium spark chamber behind the iron wall. Most
of the main ideas used in this experiment are still used in modern muon neutrino experiments.
The idea of generating muon neutrinos from pion decay and using iron as an absorber to filter
out everything else are both used in the T2K experiment, especially the near detectors.

The tau neutrino was discovered in 2000, by the DONUT experiment in Fermilab [10].
The tau-neutrino beam was generated using a 800 GeV proton beam generated by the Tevatron
accelerator interacting with a Tungsten dump, through the decay of strange Ds mesons to tau and
tau antineutrinos. The taus then decay again into tau neutrinos. Four events out of 203 events
met the criteria of tau decays without any extra leptons, which was enough to supply evidence
for the discovery of the tau neutrino.

As mentioned previously, neutrinos always have a left-handed chirality and the antineutrinos
have right-handed chirality. Neutrinos have leptonic flavors of electron, muon and tau, each
being the corresponding pair to the electron, muon and tau neutrinos. They all have neutral
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charge and have a spin of 1
2 . Although it was postulated in the Standard Model that neutrinos are

massless, experimental results show otherwise. It is currently determined that neutrinos may be
the only possible Majorana particles since it is not known if the neutrino is its own antiparticle.
Since the neutrino and antineutrino are both neutral, it is not possible to identify whether the
neutrino and antineutrino are distinguishable, only based on neutrino interactions. The most
promising way of determining the Majorana nature of the neutrino is by the possible observation
of neutrinoless double beta decay [11]. No evidence for this process has been obtained so far.

The mass of the neutrino is non-zero, as shown by neutrino oscillation experiments (see
section 1.3.2), which demonstrate neutrino mixing that can only occur if neutrinos have mass.
The existence of a non-zero neutrino mass is evidence that suggested the Standard Model is
flawed. Neutrino oscillation experiments only give the difference between neutrino masses but
not the absolute value of their masses. Current research conducted by the KATRIN experiment
has set an upper limit on the electron neutrino mass of 0.8 eV, with 90% confidence level [12].

1.3.2 Neutrino oscillation

While the Standard Model predicted that the neutrino has no mass, the existence of neutrino
oscillation proves otherwise. The idea of neutrino oscillation was introduced by B. Pontecorvo
in 1957 [13]. It is predicted that the mass eigenstate of the neutrino |νi〉 (i = 1,2,3) and the
flavor eigenstate |να〉 (α = e,µ,τ) are different. Maki, Nakagawa and Sakata [14] then proposed
the idea of neutrino mixing, stating that a mass eigenstate of neutrino can be expressed as the
mixture of multiple flavor eigenstates. In a simpler case where only two mass and two flavor
eigenstates are involved, the linear combination is as follows:

νe = cosθν1− sinθν2,

νµ = sinθν1 + cosθν2.
(1.11)

As shown in Eqn. 1.11, a flavor eigenstate is a mixture of the two mass eigenstates, each having
a trigonometric term in front. The angle θ is therefore named the mixing angle. Moreover, if
neutrinos are massless as stated in the Standard Model, then the states ν1 and ν2 are indistin-
guishable and there is no need for the mixing in Eqn. 1.11. As a result, for neutrino mixing to
exist, neutrinos must have a mass, violating the Standard Model. In a more complex and realistic
case, where there are three masses and three flavor eigenstates, the relationship between mass
and flavor engenstates is as follow [15, 16]:

|νi〉=
3

∑
i=1

U∗αi|να〉. (1.12)

The Uαi in the equation is a component of the matrix U , the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix. The PMNS matrix is a modern parametrization of the relationship proposed by
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Maki, Nakagawa and Sakata [15, 14, 16], which has the following form:

U =

Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3



=

1 0 0
0 c23 s23

0 −s23 c23


 c13 0 s13e−iδCP

0 1 0
−s13eiδCP 0 c13


 c12 s12 0
−s12 c12 0

0 0 1


1 0 0

0 eiα21/2 0
0 0 eiα31/2

 .

(1.13)

Here the notation si j and ci j represents sinθi j and cosθi j respectively, and δCP represents the
Dirac CP-violation phase that goes to 0 when there is no CP-violation. The last matrix multi-
plication with a component of αi j is the Majorana term, where the αi j is non-zero only if the
neutrino is a Majorana particle, having the anti-particle the same as the particle itself. Now let
us consider the time evolution of the mass eigenstate of the neutrino:

|νi(t)〉= ei(pix−Eit)|νi(0)〉. (1.14)

Thus for a neutrino state of flavor α:

|να(t)〉= ∑
i

Uαiei(pix−Eit)|νi(0)〉. (1.15)

A neutrino that originates with flavor α that oscillates into flavor β from time 0 to time t has a
time-dependent probability amplitude:

A(να → νβ ) = 〈νβ |να(t)〉. (1.16)

Since, as shown above in Eqn. 1.12, the flavor eigenstate is the superposition of all the mass
eigenstates multiplying the corresponding components in PMNS matrix, the above equation can
be expanded as:

A(να → νβ ) = ∑
j
∑

i
U∗

β jUαiei(pix−Eit)〈ν j|νi〉

= ∑
i

UαiU∗β ie
i(pix−Eit).

(1.17)

To further simplify Eqn. 1.17, a few assumptions are made. If assuming the fact that the energy
E of the neutrino is significantly higher than the mass, the momentum of a neutrino in a specific
eigenstate can be expressed as follows:

pi =
√

E2−m2
i ≈ E− m2

i
2E

. (1.18)
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A further assumption is made that x = t ' L can be made using natural units, which helps Eqn.
1.17 to share a similar form with a classical oscillation. Assuming energies in different mass
eigenstates are the same, when the neutrino has travelled for a distance L, effectively travelling
from a node of oscillation to another, Eqn. 1.17 can then be expressed as:

A(να → νβ )(L) = ∑
i

UαiU∗β ie
−i

m2
i L

2E . (1.19)

As a result, the probability of the transition να → νβ , which is the square of A(να → νβ ), can
be expressed as [14, 16]:

P(να → νβ )(L) = ∑
i, j

UαiU∗β iU
∗
α jUβ je

∆m2
jiL

2E , (1.20)

where ∆m2
ji = |m2

i −m2
j |. This expression of the neutrino oscillation probability can be separated

into sinusodial functions:

P(να → νβ )(L) =δαβ −4 ∑
i< j

Re[UαiU∗β iU
∗
α jUβ j]sin2 ∆m2

jiL

4E

+2 ∑
i< j

Im[UαiU∗β iU
∗
α jUβ j]sin

∆m2
jiL

2E
.

(1.21)

Eqn. 1.21 shows that the probability of a neutrino switching flavor behaves as the sum of si-
nusoidal functions, with the period determined by the length of travel L, the square of mass
difference ∆m2

ji and the neutrino energy E. This probability shown above is similar to a standing
wave oscillation, hence this switching of flavors is named neutrino oscillation. Similarly, the
probability of antineutrino oscillation from flavor α to β is:

P(ν̄α → ν̄β )(L) =δαβ −4 ∑
i< j

Re[UαiU∗β iU
∗
α jUβ j]sin2 ∆m2

jiL

4E

−2 ∑
i< j

Im[UαiU∗β iU
∗
α jUβ j]sin

∆m2
jiL

2E
.

(1.22)

As shown in Eqn. 1.21 and 1.22, the variables that determine the probability of any oscillation
are the mixing angles that make up the different components in the PMNS matrix. When α =

β , meaning that there is no change in flavor, the multiplication of PMNS matrix components
becomes UαiU∗αiU

∗
α jUα j, and thus becomes a real number. It is when α 6= β that the probability

of neutrino oscillation differs between neutrino and antineutrino, allowing one to calculate the
CP-violating phase. As a result, the CP-violation can only be accessed by comparing oscillations
between neutrinos and antineutrinos [16]. For the purpose of this thesis and T2K, the main
oscillation channel used to investigate CP-violation is the νµ→ νe oscillation and its antineutrino
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counterpart. With the assumption that ∆m2
21 << ∆m2

32 and ∆m2
21L

E << 1, the probability of the
oscillation from Eqn. 1.21 can be simplified into the following expression [16]:

P(νµ → νe)≈ sin2
θ23 sin2

θ13 sin2
(

1.267∆m2
32L

E

)
+PCP, (1.23)

with PCP the leading term that includes δCP, the CP-violation phase difference. Since the value of
θ23 and |∆m2

23| have been measured experimentally, it is possible to retrieve one of the remaining
variables in the PMNS matrix, θ13, by measuring the probability of such neutrino oscillation, and
also to extract δCP. Hence the T2K experiment is built, to measure θ13 and ultimately measure
δCP experimentally.

1.3.3 Experimental results for neutrino oscillation

The first hint of neutrino oscillations was due to measurements of neutrinos from the sun, where
the solar neutrinos were captured in a detector that utilizes the reaction of νe with 37Cl. While
the standard solar model should have a flux of (9.3±1.3)×10−36 s−1 per 37Cl atom, the Home-
stake experiment measured (2.56±0.16)×10−36 s−1 per 37Cl atom [17]. The lower bound of
the theoretical calculations on the solar neutrino flux is about 3.6 times higher than the measured
solar neutrino flux, which forms the solar neutrino problem that was solved in 2001, where the
Sudbury Neutrino Observatory discovered the flavor oscillation of solar neutrinos, by discov-
ering that electron neutrinos from the sun converted to other types of neutrinos (muon and tau
neutrinos) in the sun [18]. This oscillation is caused by the MSW effect that describes neutrino
oscillation in matter [19, 20].

The atmospheric neutrinos are neutrinos created in interactions of cosmic rays with the at-
mosphere, in which neutrino oscillations were discovered for the first time. Oscillations of
atmospheric neutrinos were observed by the Super-Kamiokande (Super-K) experiment in 1998
[21], where the data from collecting atmospheric neutrinos in Super-K revealed that there is a
dependency of the zenith angle on the deficit of muon-neutrinos. As a result, the experiment
concluded that there is disappearance of muon neutrinos, which is interpreted as νµ → ντ oscil-
lations, with a mixing angle sin2 2θ > 0.82 and 5×10−4 < ∆m2 < 6×10−3 eV2/c4 with a 90%
confidence level.

Since the Cowan and Reines experiment in 1958, reactor neutrinos from beta decay have
been observed through the neutrino interaction, producing positrons that annihilate to produce
photons, followed by neutron capture [8]. The Daya-Bay experiment, that was built around the
Daya-Bay nuclear plant, used a similar method to that used by Cowan, and measured a new type
of neutrino oscillation, in which electron antineutrinos disappear, giving the neutrino mixing
angle sin2 2θ13 = 0.092± 0.021 with a 5.2σ confidence level [22]. Within the same year, the
RENO experiment also confirmed the discovery of θ13, with sin2 2θ13 = 0.113± 0.023 with
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4.9σ , which further supported the discovery made by the Daya-Bay experiment [23].
As stated in section 1.3.2, the values of θ23, and |∆m32| have been measured experimen-

tally. The most recent analysis on the latest data, published in 2020, obtained the follow-
ing results, sin2

θ23 = 0.51+0.06
−0.07 and |∆m2

32|= 2.47+0.08
−0.09×10−3 eV2/c4 for neutrino oscillation,

and sin2
θ23 = 0.43+0.21

−0.05 and |∆m2
32| = 2.50+0.18

−0.13× 10−3 eV2/c4 for antineutrino oscillation, to
a 90% confidence level [24]. The results from analysing T2K data sets are also being anal-
ysed alongside results from other long baselineline experiments such as the NOνA [25], the
MINOS [26] and the K2K experiments [27], and a global analysis is performed to obtain neu-
trino oscillation parameters through a global fit. For the global fit, sin2

θ23 = 0.541− 0.599
and |∆m2

32| = (2.39− 2.50)× 10−3 eV2/c4, to a 90% confidence level [28]. These analyses
marginally favor that neutrino mass eigenstates have a normal ordering, that is the mass eigen-
states are ordered with masses m1 < m2 < m3. The constraints of the oscillation parameters
are shrinking as new updates of current experiment sites and new research facilities constantly
improve the precision and resolution of neutrino oscillation experiments.

The analysis of the latest batch of data retrieved from T2K has shown a total of 15 ν̄e de-
tected from a ν̄µ beam in the latest run. The expected value for the ν̄e from background is 9.3
events. This result rejects the null hypothesis that no ν̄e is produced from a ν̄µ beam (no neu-
trino oscillation) with a confidence interval of 2.40σ [29]. While the confidence interval is not
large enough to claim a discovery (5σ ), this result is still a hint for the existence of antineutrino
oscillations.

1.3.4 Neutrino interactions

The neutrino interacts only by the weak interaction, where the neutrino interacts with particles
with the mediation of W± and Z0 bosons. Depending on the boson included in the interaction,
a neutrino interaction can be defined in two categories, charged current and neutral current. In
charged current interactions the W± are involved in mediating the interaction between particles,
and thus providing a change of charge in the interaction. Meanwhile the neutral current inter-
action involves the Z0 boson and thus no charges are exchanged. Since the cross-sections of
charged current interactions are around four times larger than that of the neutral current, and the
fact that charged current interactions contain charge transfer that is easier to be detected, only
charged current interactions will be further introduced below.

Charged current quasi-elastic (CCQE) interactions

Charged current quasi-elastic (CCQE) interactions occur when the incident particle has a rela-
tively low energy (less than 1GeV). In this case, a lepton (anti)neutrino interacts with a nucleon,
producing a corresponding lepton and changing the charge of the nucleon as shown in the fol-
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Figure 1.2: The Feynman diagram of a typical CCQE interaction.

lowing equations,

νl +n→ l−+ p,

ν̄l + p→ l++n.
(1.24)

The lepton is represented by l, and can be either electron or muon. A lepton neutrino interacts
with a neutron and the anti-neutrino interacts with a proton, in order to conserve the charge
before and after the interaction. As shown in Eqn. 1.23, the neutrino oscillation peaks when
sin2

(
1.27∆m2

23L
4E

)
= 1. As a result, it is necessary to design the length of the path that the neutrino

travels and the energy of the beam such that 1.27∆m2L
4E = π,3π,5π etc. to obtain the highest

oscillation possibility. Therefore, T2K has decided to use a neutrino travel length L = 295km
and E = 0.6MeV for the neutrino oscillation experiment. Under such neutrino beam energy,
most of the interactions will be CCQE interactions. Therefore, the CCQE interaction will be the
main interaction focused in this thesis. There are two sets of near detectors at T2K, the ND280
detector which is at 2.5◦ from the neutrino beam, peaking at an energy of E = 0.6 GeV, and the
WAGASCI/BabyMIND detector complex which is at 1.5◦, with a peak energy of E = 0.8 GeV.
Therefore, the main neutrino interactions of focus in this thesis will be those at these energies.

Since the main focus of T2K is the neutrino oscillation from νµ to νe as a function of energy,
it is useful, for the purpose of this thesis, to demonstrate how one extracts the energy of the
neutrino interaction, through the expression for the neutrino energy for muon neutrinos under
the CCQE interaction as follows (see Appendix A for proof):

ECCQE
ν =

m2
P−m2

µ −E2
N +2EµEN−2pµ ·pN + |pN |2

2(EN−Eµ + |pµ |cosθµ −|pN |cosθN)
. (1.25)
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The equation above represents the neutrino energy for a CCQE interaction shown in Fig. 1.2,
where Eµ , ~pµ and mµ are the energy, momentum and mass for the outgoing muon, with EP, ~pP

and mP the corresponding properties of the proton, and EN , ~pN and mN those for the neutron. The
angles θµ and θN are the angles between the motion of the respective particle and the incoming
neutrino (see Appendix A for more details). Assuming that the neutrino interaction follows the
relativistic Fermi gas model, then we can assume that the neutron is at rest before the interaction
and EN = mN − ε can be used as a simplification, where ε is the neutrino binding energy for
the relativistic Fermi gas model and mN is the mass of neutron. After all the assumptions, the
equation can be simplified as:

ECCQE
ν =

m2
P−m2

µ −m2
N +2mNε− ε2 +2EµmN−2Eµε

2(mN− ε−Eµ + |pµ |cosθµ)
. (1.26)

Since Eqn. 1.26 contains known variables such as the mass of the proton, muon and neutrino,
and the value of ε (given by nuclear models, such as the nuclear Fermi-gas model), the only
unknown that should be retrieved from simulation are the absolute momentum of the muon,
the angle of the muon with respect to the neutrino and the energy of the muon, which can all
be retrieved from a muon track. Such an expression can be used to extract the energy of the
incoming neutrino based on data obtained from the reconstructed muon track. The probability
of a CCQE interaction occuring depends on the cross-section area of the CCQE interaction.
This interaction is usually expressed using a format developed by Llewellyn-Smith [30]. The
expression includes different Lorentz-invariant parameters, parameters that stay the same under
any Lorentz transformation, that are functions of Q2, where Q is the four-momentum transfer.
The expression, for the differential cross section for any CCQE interactions, is the following
[30, 31]:

dσ

dQ2 =
G2

FM2
N cos2 θc

8πE2
ν

[
A+B

(s−u)
M2

N
+C

(s−u)2

M4
N

]
. (1.27)

This expression of the differential cross section includes multiple constants and variables that
need to be further explained. The constant GF is the Fermi coupling constant, and θc is the
Cabbibo angle. The variable MN is the mass of the nucleon and Eν is the energy of the neutrino.
The expression (s−u) = 4MNEν −Q2−m2 where m is the mass of muon. The coefficients A,
B and C are functions that depend on the vector, axial-vector and pseudo-scalar form factors.
These form factors represent the respective hadronic current for the CCQE interaction. There
are vector form factors F1 and F2, the axial-vector form factor FA and the pseudo-scalar form
factor FP involved in the coefficients A, B and C [31, 30]:

A =
m2 +Q2

M2
N

[
(1+ τ)F2

A − (1− τ)F2
1 +(1− τ)F2

2 +4τF1F2

− m2

4M2
N

(
(F1 +F2)

2 +(FA +2FP)
2−
(

Q2

M2
N
+4
)

F2
P

)]
.

(1.28)
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Since in the case of the muon neutrino CCQE interaction that this thesis is interested, m2

M2
N
� 1,

A =
m2 +Q2

M2
N

[
(1+ τ)F2

A − (1− τ)F2
1 +(1− τ)F2

2 +4τF1F2
]
, (1.29)

B =
Q2

M2
N

FA(F1 +F2), (1.30)

C =
1
4
(F2

A +F2
1 + τF2

2 ). (1.31)

These three factors, once simplified, are functions of F1,F2,FA, and τ = Q2

4M2
N

. These form factors
are composed of different constants that are retrieved experimentally and are therefore constants
based on experimental values. The values of the vector form factors can be extracted by electron
scattering, but the axial-vector form factor FA is retrieved mainly from neutrino scattering. Thus
experiments that measure neutrino CCQE interactions such as at the T2K near detector can
help provide more data on FA for a more accurate calculation of the CCQE cross-section. The
expression for FA is usually approximated with the formula:

FA(Q2) =
gA(

1+ Q2

m2
A

)2 . (1.32)

In the axial-vector form factor, gA and mA are all constants where gA = −1.267 [32, 33] is
the best value retrieved from various experiments, and mA = 1.21± 0.20GeV/c2 [34] is the
value used in NEUT, the neutrino generation package in used by T2K, that averages different
values extracted from various experiments. These constants can be improved with more precise
experiments.

Charged Current Resonant (CCRES) interactions

When the energy of the neutrino is above 0.6GeV, there may be enough energy for the nucleons
to be excited by the (anti)neutrino. The nucleon gets excited to a ∆ resonance, which further
decays to a nucleon and a pion. The charge of the ∆ resonance depends on whether the neutrino
or the antineutrino was interacting with the nucleon, and the type of nucleon and pion from the
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Figure 1.3: The Feynman diagram of one of the typical CCRES interactions.

resonance decay depends on the type of ∆ particle created as follows:

νl +n→ l−+ p+π
0(∆+),

νl +n→ l−+n+π
+(∆+),

νl + p→ l−+ p+π
+(∆++),

ν̄l + p→ l++n+π
0(∆0),

ν̄l + p→ l++ p+π
−(∆0),

ν̄l +n→ l++n+π
−(∆−).

(1.33)

An example of a CCRES interaction is shown in figure 1.3. Such interactions are defined as
the charged current resonant elastic scattering (CCRES) interactions, or pion production. Since
the flux of the beam used in T2K peaks at 0.8GeV for WAGASCI-BabyMIND, some CCRES
interactions will be produced and some pion production is expected to be detected. However,
since the peak of the flux is just at the threshold of CCRES interactions, it is not expected for
the T2K experiment to observe a high yield of pion production from CCRES interactions. As a
result, for convenience, CCRES can be ignored from the simulation as an approximation.
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CCDIS

If the energy of the neutrino exceeds around 5GeV, there is enough energy from the neutrino to
break up the nucleon, causing a deep inelastic scattering (CCDIS) interaction. During CCDIS,
the nucleon is broken up into quarks by the high energy neutrino, which form a variety of
hadrons from the collision. Since the threshold energy for CCDIS to occur is above the majority
of the neutrinos produced by the T2K beam, the fraction of CCDIS interactions is very low, and
is assumed to be negligible in this thesis.

1.3.5 Experimental results on neutrino interactions

Neutrino interactions are necessary to determine the cross-section of each interaction in different
energy ranges. The cross-sections of CCQE neutrino interactions are obtained from different
research projects such as NOMAD [35] and MiniBooNE [36], as shown in Fig. 1.4 and 1.5.
However, the data from MiniBooNE has cross-sections at low energies that are higher than the
expectation from the Fermi-gas model, alongside calculations using the impulse approximation.
This leads us to believe that neutrino interactions are more than free particle interactions, and it
is necessary to include the nucleon-nucleon correlations and two-body exchange currents.

For antineutrinos, there is currently a lack of data for low energies (< 1GeV), and it is now a
high priority to take more data with antineutrinos. The study of neutrino and antineutrino cross-
sections, especially at low energies, is essential for neutrino oscillation experiments since most
of the experiments on neutrino oscillations use relatively low energy beams that have a peak en-
ergy in the CCQE energy region. Similar experiments on cross-sections were also conducted for
pion productions (CCRES) to obtain a relationship between the pion production cross-sections
and neutrino energies [37]. Such experiments provide the foundation for neutrino oscillation
experiments, such as the T2K experiment that this thesis concerns.
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Figure 1.4: Measurements of muon neutrino CCQE cross-sections with respect to the neutrino
energies. Data points from different laboratories are included and the solid line is the prediction
of a neutrino Monte Carlo simulation [37].

Figure 1.5: Measurements of muon antineutrino CCQE cross-sections with respect to the neu-
trino energies. Data points from different laboratories are included and the solid line is the
prediction of a neutrino Monte Carlo simulation [37].



Chapter 2

T2K, WAGASCI and BabyMIND

2.1 T2K experiment and goals

The Tokai-to-Kamioka (T2K) experiment is a neutrino oscillation experiment utilizing the parti-
cle accelerator that is located in the J-PARC complex in the village of Tokai, on the east coast of
Japan, which is used to generate a neutrino beam pointed at the Super-Kamiokande far detector
in Kamioka. The experiment is composed of different types of near detectors at Tokai and a far
detector named Super-Kamiokande (Super-K) located at Kamioka, 295km from Tokai. These
near detectors near the beam line are 280m from the start of the beam, hence the complex is
named ND280. The ND280 detector is located at a 2.5◦ off-axis angle with respect to the de-
cay pipe of the beamline, which generates a neutrino beam reaching the detector with a peak
energy flux of 0.6GeV. This peak value minimizes background and maximizes the possibility
of neutrino oscillation events at 295km [38].

One of the main purposes of the T2K experiment was to discover the νµ → νe oscillation
and to measure the mixing angle θ13, the last mixing angle in the lepton sector [39]. From here,
the goal is to measure CP violation in neutrinos and to find a value of δCP that is not consistent
with CP conservation.

2.2 JPARC accelerator complex and neutrino beam

2.2.1 The J-PARC accelerator

The beamline used in T2K is generated from the J-PARC accelerator complex, which is com-
posed of three accelerators. The linear accelerator (LINAC) accelerates H− beams to 400MeV
in order to pass the beam into the second part of the accelerator. The accelerated beam then
enters the rapid-cycling synchrotron (RCS) that accelerates the beam to an energy of 3GeV,
while converting the H− beam into a H+ beam by charge-stripping foils at injection. About 5%
of the beamline from the RCS is injected into the main ring synchrotron (MR), accelerated up

20
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Figure 2.1: A diagram of the J-PARC accelerator complex with the LINAC on the left, RCS in
the middle (3GeV proton synchoron, PS) and the MR on the right (labelled as 50GeV PS since
it was originally designed for 50GeV but was redesigned for 30GeV) [40].

to 30GeV in the MR. The diagram of the J-PARC accelerator is shown in Fig. 2.1 [38, 40, 41].
The proton beam accelerated by J-PARC is passed into the T2K neutrino beamline, which is

composed of a primary beamline and a secondary beamline, as shown in Fig. 2.3. The primary
beamline transports the proton beam to a direction pointing towards Super-K, and causes the
beam to impinge on a carbon target, which generates secondary pions and kaons. Magnetic
horns focus these into the secondary beamline. The first magnetic horn surrounds the graphite
target to focus the pions of the correct polarity, with two other magnetic horns downstream of
the first horn. After the magnetic horns, the pions and kaons are allowed to decay into different
neutrinos in a 96m decay pipe.

2.2.2 Neutrino beam

Primary beamline

The primary beamline consists of 11 normal conducting magnets in the preparing section, 14
doublets of superconducting combined function magnets in the arc section, and 10 normal con-
ducting magnets in the focusing section, as shown in Fig. 2.3. The preparing section ensures
that the beam is accepted in the arc section. The arc section then bends the beamline 80.7◦ from
the direction of the preparation section towards Kamioka. The final focusing section focuses the
beam towards the graphite target in the secondary beamline, tilting the beam 3.673◦ downwards
from horizontal.

Neutrinos from the beamline reach the ND280 detector complex with a 2.5◦ off-axis angle,
and reach the WAGASCI-BabyMIND detector complex with a 1.5◦ off-axis angle. The off-
axis angles modify the neutrinos from the beam to have different energy spectra detected by
each detector complex. For the neutrinos detected by ND280, the peak energy flux (the energy
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Figure 2.2: The side view of the secondary beamline [38].

flux where the neutrino has the highest probability to have an interaction) is around 600MeV
whereas for the neutrinos, seen from a different angle, detected by WAGASCI, the peak flux
is around 800MeV. Alongside the beamline there are devices monitoring the beam intensity,
location, profile and loss. These monitors are to make sure the parameters of the primary beam
are optimal for the next stage.

Neutrino target and secondary beamline

The secondary beamline is composed of three different sections as shown in Fig. 2.3 and with
more detail in Fig. 2.2. The target part of the beamline, as shown in the zoomed-in portion of
Fig. 2.2, consists of a beam window separating the primary and secondary beamline, a baffle
protecting the magnetic horns, an optical transition radiator monitor (OTR), and three magnetic
horns with a graphite target inside the first horn.

The whole target station is surrounded by a helium vessel filled with helium gas, with a shield
made with iron and concrete above the horns that blocks the radiation produced inside the horn.
A water cooling channel (the plate coil) is also installed above the surface of the helium vessel.
The plate coil is filled with 30◦C water that cools the vessel to maintain a lower temperature and
to prevent thermal deformation. There is also a graphite block with a hole of 30mm diameter in
the middle as a baffle between the beam stop and the target-horn structure that is cooled by the
water cooling system running through the baffle. The OTR serves the purpose of detecting the
proton beam passing through the OTR by reflecting the visible light generated near the proton
beam when the beam enters and exits an aluminium foil 45◦ from the incident beam. The visible
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Figure 2.3: A diagram of the T2K neutrino beamline [38].

light is reflected at 90◦ to the beam by the foil and transported to a camera away from the beam
to observe the image of the proton beam.

The three magnetic horns, made with an aluminium alloy, each consist of an inner and outer
coaxial conductor that covers the surface of the horns. By running a current of 250kA on the
thin conductor surrounding the horn, a torodial magnetic field is generated in the three magnetic
horns [38, 42, 43]. As stated in the Lorentz equation,

~F = q ·~v×~B, (2.1)

a charged particle, when going through a magnetic field perpendicular to the direction of motion,
experiences a force perpendicular to the direction of the field and the direction of the charged
particle. Depending on the direction of the current running through the conductor surrounding
the horn, the magnetic field in the volume enclosed by the conductor can be clockwise or anti-
clockwise as seen from the pion’s perspective. If the magnetic field is clockwise, a particle with
positive charge, π+, that passes through the magnetized region will be bent inward to the horn,
while a π− will be bent outwards. As a result, a clockwise magnetic field in the horn focuses the
π+ beam while defocusing the π− in this case. The same holds true for anti-clockwise magnetic
fields, in which the π− is focused and the π+ is defocused. Fig. 2.4 demonstrates such a focus-
ing function of the magnetic horn. The current where it creates the clockwise magnetic field is
defined as the forward-horn current (FHC) and the opposite is defined as the reverse-horn cur-
rent (RHC). The maximum field strength, if running the current at 320kA, is 2.1T and increases
the neutrino flux arriving at Super-K by 16 times at the peak energy flux of 0.6GeV in the flux
spectrum.
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Figure 2.4: A diagram of how an anti-clockwise magnetic horn focuses the π−. The particle
starts from A, enters the magnetic field region at B, and then gets bent at C towards D [43].

A graphite target with 91.4cm length and 2.6cm in diameter [38] is installed at the start of
the first horn as shown in Fig. 2.5. The target is surrounded by a titanium sheath with helium
gas flowing in between as a coolant. This target is supported by a cantilever at the front of the
first horn, securing the position of the target. When the beam enters the target, secondary pions
are produced, increasing the overall yield of desired pions with the help of the magnetic horn.
Although in theory it should be best to have a target as long as the horn, the effect of gravity
may prevent such long target to remain a desirable form and shape. Graphite was also chosen,
due to the radiation hardness of the material, in addition to graphite’s ability to withstand heat
generated in the experiment.

One of the goals of this thesis is to investigate improvements on such a horn-target system
by providing a simulation on different scenarios with an extra target at the other end of the first
horn. A more in-depth discussion will be held in section 3.

The decay volume, approximately 96m long [38], is a stainless steel tube that allows the
pion to perform the following decay,

π
+→ µ

++νµ (2.2)

π
−→ µ

−+ ν̄µ . (2.3)

As a result, a FHC magnetic horn increases the yield of νµ while a RHC magnetic horn increases
the yield on ν̄µ . By switching the direction of the current, different experimental ratios of νµ

and ν̄µ can be satisfied with the same horn.
The beam dump, at the end of the secondary beamline, has a core made of 75 tons of graphite,

a helium vessel surrounding the core, 2 iron plates inside the vessel and 15 iron plates outside the
vessel. This dump filters out all the particles except muons with energy > 5GeV and neutrinos
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Figure 2.5: A side view of the first horn with a graphite target generated by JNUBeam [44], the
simulation package written for T2K beam simulation

[38]. At the end of the beam dump there is a muon monitor installed to record the muon flux
from the pion decay in Eqn. 2.2 and 2.3 in order to identify the number of muons that are
detected in the detector downstream of the neutrino beamline.

2.3 ND280 near detector complex

The ND280 detector complex, located 280m away from the start of the beamline, consists of
the off-axis detector 2.5◦ from the beamline on the top of the ND280 complex and the INGRID
on-axis detector at the bottom of the complex. The ND280 detector is composed of a pi-zero
detector (P0D) and a tracker downstream of the pi-zero detector. The P0D is made by alternating
plastic scintillation bars, as the detector that records particle hits, and either a water target or
foils made out of brass or lead. The tracker is made of three time projection chambers (TPC)
and two fine grained detectors (FGD). These detectors are inside a dipole magnetic field, with an
electromagnetic calorimeter (ECAL) surrounding them and scintillators inserted in the iron flux
return slots, making up the side muon ranger (SMRD) [38]. The Hamamatsu Multi-Pixel Photon
Counters (MPPC) are used as sensors to read out the light signals of the ND280 detectors, with
a gain of 0.5−1.5×106, and with 667 pixels per sensor.

Scintillators are composed of several plastic bars with identical dimensions, with MPPC de-
tectors built-in. When stacked together, horizontally or vertically, each bar provides information
of whether the target particle hits through this particular bar in the scintillator plane, thus re-
trieving the x or y position on the plane with an accuracy of 1/

√
12 of the width of the bar. The

z position is determined by whether a hit is detected in any of the bars in the plane. As a result,
the accuracy of a scintillator plane is determined by the width and the depth of a single bar, and
a scintillator plane can only retrieve information of either x or y, but not both.
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Figure 2.6: The layout of the 16 modules of the INGRID detector. Two of the modules are
stacked along the axis in the center of INGRID (into the page at center), thus a total of 16
modules [38].

The ND280 off-axis detector is able to detect and record the νµ at the near detector of the
T2K complex, providing information to determine the flux of νµ in Super-K. The ND280 is also
made to detect νe passing through, determining the background from intrinsic νe in the beam,
before oscillation [38].

2.3.1 INGRID on-axis detector

The INGRID on-axis detector is a detector complex that consists of 16 identical detector mod-
ules as shown in Fig. 2.6. Each module is made from 9 iron plates and 11 scintillator planes,
surrounded by veto scintillator planes. The INGRID on-axis detector aims to detect and monitor
the direction and intensity of the neutrino beam from the beamline. The direction of the beam
to the two modules at the center of INGRID is defined as the 0◦ direction from the beamline.
There is also an extra proton module installed in INGRID, only made out of scintillator planes,
which aims to detect the muons and protons created in INGRID. The goal of this proton module
is to identify quasi-elastic neutrino interactions to compare with Monte Carlo simulated data.

To record and veto the tracks from outside the modules, there are 3-4 veto plates per module,
each made out of 22 scintillator bars combined into planes. This whole structure is enclosed by
a box formed by aluminium frames and plastic plates. The readout boards are attached at the
outside of the box.
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Figure 2.7: The layout of ND280 and its components [38].

2.3.2 ND280 off-axis detector

The off-axis detector, located above INGRID, serves to measure parameters of the neutrino
beam at a near distance in comparison to when the beam reaches Super-K, in order to determine
neutrino interactions in the near detector, the flux of neutrinos and to determine how many
neutrinos have changed flavor in the far detector, to determine oscillations. The off-axis angle of
2.5◦ is the same as the off-axis angle of Super-Kamiokande with respect to the neutrino beam.
The detailed structure of ND280 is demonstrated in figure 2.7.

UA1 magnet

The magnet around the detector structure originated from the old UA1 detector and recycled by
the NOMAD experiment at CERN, is a 2m×2m×1m structure that provides a dipole magnet
of 0.2T to measure the momenta and the charge of the particle created in the neutrino interaction.
This magnet is composed of two symmetrical coils that splits further to halves, supported but
electrically insulated by two magnet yokes that allow the two pieces of magnet to move to open
and close positions freely. The power supply used for the induced magnet is designed and made
by Bruker to provide a DC nominal current of 2900A with a voltage drop of 155V. There is also
a cooling system, consisting of two demineralized water circuits to keep the induced magnet at
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a low temperature. A magnet safety system ensures the magnet can be turned on when none
of the components is faulty, and turn off the magnet immediately once a component fails. This
power supply is controlled by the magnet control system that processes and analyzes the data
input from the magnetic components [38].

Pi-0 Detector

The Pi-0 Detector (P0D) is a detector designed mainly to detect the neutral current process
producing pions, νµ +N → νµ +N +π0 +X that reacts with the H2O, and compares the data
collected with the data collected at Super-K. The P0D mainly consists of layers of scintillators,
with a water target bag attached to each of the scintillators, providing the ability to choose
whether water is filled in between each scintillator.

The center two modules of the P0D detector, the upper and central water targets, use scin-
tillators with water and brass sheets in between scintillators. Meanwhile, the upstream and
central calorimeters, located upstream and downstream of the water targets, consist of scintil-
lators without water, and lead sheets between scintillators.The calorimeters act as a veto region
for the water targets. There are a total of 40 scintillator modules in the P0D (P0Dules), with
each P0Dule made of 134 vertical scintillator bars and 126 horizontal bars, forming a plate with
an area of 2200mm×2340mm. These scintillator bars are the same as what is described in Sec.
2.3. Each of the calorimeters are formed by seven of such P0Dules with seven 4mm lead sheets
attached right after each P0Dule. The upper water target consists of 13 P0dules, with 13 water
bag layers that are 28mm thick and 13 brass sheets with a thickness of 1.5mm attached behind
each P0Dules. The central water target will be similar to the upper water target, but the number
of P0dules, water bags and brass sheets are 12 instead of 13 [38].

Time-project chambers

The time-project chambers (TPC) are chambers made with two copper boxes, with one inner
box filled with argon gases, and one outer box filled with CO2 gas. The inner box connects
with a cathode and creates an electric field that has a direction that is the same as the magnetic
field induced by the near detector magnets. When charged particles pass through the TPC,
ionization electrons are produced and will be bent towards one of the receivers. Thus, the TPC
is used to observe the track of charged particles inside the chamber. Due to the existence of
the magnetic field, it is also possible for the TPC to determine the momentum of the traversed
particles through the curvature of the track from the magnetic field, and, from the ionization of
the particles in the gas, the identification of the particles traversing the TPC can also be made
[38].



CHAPTER 2. T2K, WAGASCI AND BABYMIND 29

Fine grained detectors

There are two fine grained detectors (FGD) that are constructed from bars of scintillators. The
goal of the two FGDs is to act as a target for neutrino interactions, and also to track charged
particle tracks. The first FGD is purely composed of 5,760 scintillator bars, with a total of 30
layers that alternate vertically and horizontally, providing position information for tracks passing
through. The second FGD is a combination of scintillator plates and water chambers. This
provides an opportunity to compare neutrino interactions between the first and second FGDs,
and thus study the cross-section of neutrino interactions in scintillator and water [38].

Electromagnetic Calorimeter

The electromagnetic calorimeters (ECal) are scintillator layers with lead absorber sheets in be-
tween. These ECals surround the inner part of ND280, including the P0D, TPC and FGDs.
There are 6 P0D-ECals that surrounds the x− z and y− z planes of the P0D, a downstream ECal
that is assembled at the downstream of the volume, and six barrel-ECals that surround the four
sides of the tracker volume parallel to the z-axis. These ECals are made to measure the en-
ergy of the particles and also to provide a method to detect and measure the energy of photons
from interactions in the P0D. ECals can also help to identify tracks from interactions and veto
interactions from external particles, such as cosmic rays [38].

Side muon range detectors

The side muon range detectors (SMRDs) are scintillators that are inserted between air gaps and
steel plates. These steel plates and air gaps form the UA1 magnet flux return yokes. These yokes
are made of plates of iron that surround the inner detectors of ND280, retaining the magnetic
flux return inside the iron. These SMRDs on the side allows the detection of tracks that escape
from the side of the inner detectors. The SMRDs are also capable of recording cosmic radiations
from the atmosphere that reach ND280 perpendicular to the z-axis which the detectors inside the
volume are not capable of capturing [38].

2.4 Super-Kamiokande

The Super-Kamiokande (Super-K) detector is a large water Cherenkov detector located 295km
away from the start of the beamline, filled with 50kt of pure water, in a cavern underground in-
side the Kamioka mine. The Super-K is a combination of an inner detector (ID) and an outer de-
tector (OD), separated by stainless steel scaffolds that support the photomultiplier tubes. The ID
is composed of 11,128 photomultiplier tubes (PMTs) facing inwards, with 40% photo-cathode
area coverage, providing sufficient resolution for detecting neutrino interactions. The charged
particles from neutrino interactions often create Cherenkov photon cones as they travel through
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Figure 2.8: A diagram of the structure of Super-K [38].

water above an energy threshold. Thus by detecting the photons using the PMTs, the informa-
tion of the charged particle, and thus the information of neutrino interactions can be retrieved.
The OD, with PMTs facing outward, serves as a veto that tags almost 100% of the cosmic rays.
The OD can also select neutrino-induced events from the background. The structure of Super-K
is also shown in Fig. 2.8.

Super-K, combined with ND280, detects neutrino oscillations by counting the number of
νµ and νe through the detection of muons and electrons from the respective CCQE interac-
tions. Since muons are heavier than electrons, and they only lose momentum by ionization,
the Cherenkov photon cones created by muons will be more well defined, providing a sharper
edge on the Cherenkov cone. The Cherenkov cones from electrons, on the other hand, create a
fuzzy ring, due to energy loss and electron scattering in the water. Through these signatures, the
incoming flux of neutrinos is determined, and is compared with what is detected in ND280. The
goal is to measure the neutrino oscillation νµ → νe by recording electron hits in Super-K that
are not due to the intrinsic νe from the original beam [38].

2.5 WAGASCI

The Water-Grid-Scintillator-Detector (WAGASCI) is a detector built in the same site of ND280,
with an angle of 1.5◦ from the beamline. The main goal of WAGASCI is to improve the accuracy
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Figure 2.9: A diagram of the WAGASCI complex. The detector denoted NJ is the NINJA
detector, which is a nuclear emulsion detector that is not part of the WAGASCI-BabyMIND
project [46, 47]. The other detectors are WG (the two WAGASCI modules), the PM (proton
module), Wall-MRD (muon-range detectors near the walls) and BM (BabyMIND).

of neutrino interactions in water and carbon, in order to constrain the systematic errors of the
neutrino oscillations. The WAGASCI apparatus is made of a core part, that consists of the
WAGASCI module and the proton module, and the two wall muon-range detectors (WallMRDs)
surrounding the core. A layout of the WAGASCI complex is shown in Fig. 2.9. Unlike the
ND280, the flux of νµ passing WAGASCI peaks at around 800MeV due to the smaller angle to
the neutrino beamline [45]. With WAGASCI, it is possible to study neutrino interactions with a
different flux distribution on two different target materials (water and scintillator), and therefore
study the neutrino cross-section with an off-axis angle of 1.5◦, and compare the result obtained
with results from ND280.

2.5.1 The WAGASCI module

The main difference between WAGASCI and other near detectors in the site, such as ND280, is
the implementation of the water grid. Fig. 2.10 shows the structure of a WAGASCI module on
the left. While there is a dimension shown in Fig. 2.10, there is a small difference between the
diagram and what is used in the Monte-Carlo simulations developed by T2K researchers. In this
thesis the values in the simulations are used to ensure the geometries of detectors in WAGASCI
and BabyMIND are up to date.

The WAGASCI module has dimensions of 127.6cm×120.4cm×51cm, with a water tank
of 125.2cm× 117.2cm× 48.2cm in the center as shown in Fig. 2.10. The plastic scintillators
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Figure 2.10: A diagram of the WAGASCI scintillator module inside the water tank on the left,
and a diagram of the grid structure of scintillators (made out of hydrocarbons) and water on the
right [48].

used in the WAGASCI module have dimensions of 102cm×2.5cm×0.3cm, and a scintillator
plate is combined with 40 of such scintillator bars. The WAGASCI module consists of eight of
these scintillator plates, alongside with two segments of water grid targets. The same scintillator
bars are used in constructing the water grid, with each grid being 5.0cm×5.0cm×2.5cm. To
assemble the grids, cuts of a depth of 0.13cm and a thickness of 3.23cm are performed. For
each water grid module, a total of 80 slots are present, with a total of two water grid module
in the whole WAGASCI module. In between the water grid and the scintillator plates, there
are 0.65cm gaps that separate each of them. These scintillator plates exist as tracking planes in
between the water targets, and a total of eight plates are placed inside a WAGASCI module. The
grid scintillator is placed inside the water tank, with the water occupying 80% of the total volume
of the WAGASCI module, with the remaining 20% being hydrocarbon from scintillators. There
are two WAGASCI water modules in total, one upstream and one downstream of the proton
module that acts as the hydrocarbon target.

2.5.2 The proton module

The proton module, originally used in INGRID, is a hydrocarbon target consisting of 22 scin-
tillator plates, with five of them acting as veto planes. Fig. 2.11 shows the layout of the proton
module, with dimensions of 141.8cm× 141.8cm× 91.9cm. The top, bottom, left, right and
front side of the proton module have veto scintillator plates. For the bottom, left and front veto
plates, the scintillator bars used have dimensions of 120.3cm× 5.0cm× 1.0cm, while the top
and right veto plates use longer scintillator bars with a length of 125cm. These veto plates de-
tect charged particles from outside of the proton module, to veto out such tracks in analysis if



CHAPTER 2. T2K, WAGASCI AND BABYMIND 33

Figure 2.11: A diagram of the proton module on the left, and the structure of the two types of
scintillators inside the proton module on the right [49].

needed.
For the tracking planes of the proton module, two types of scintillator bars, the INGRID-

type scintillators and the SciBar-type scintillators are used together, as shown at the right of
Fig. 2.11. Each of the tracking scintillator plates is composed of a horizontal and a vertical
part to create a three dimensional image of the tracks. Each of the plates are assembled from 16
INGRID-type and 16 SciBar-type scintillator bars, with eight of each type in one direction. The
SciBar-type scintillators are placed in the inner portion of the tracking plates, with dimensions
of 120.3cm× 2.5cm× 1.3cm. The INGRID-type scintillators have the same dimension as the
shorter veto scintillator bars [49].

2.5.3 The wall side muon detectors

The wall side muon detectors (Wall-MRDs) are identical to the SMRDs explained in section
2.3.2, and the BabyMIND that will be further explained. The Wall-MRDs act as side detectors
for muon tracks that escape from the WAGASCI and proton modules to the side walls. With
dimensions of 205cm× 163cm× 46cm, each Wall-MRD is made of 10 scintillator plates and
13 iron plates, with two of the iron plates at the two sides and two of the plates at front and
rear, forming a frame for the Wall-MRD. The scintillator bars are 180cm× 20cm× 0.7cm,
and eight of them form a scintillator plate. Each of the side iron plates have dimensions of
190cm× 46cm× 1cm, the front and rear plates have dimensions of 205cm× 163cm× 46cm,
and the rest of the iron plates inside the frame have dimensions of 180cm×161cm×3cm. Each
iron plate not on the sides has a 1.3cm gap in between, enough to fit the scintillator plates inside.
The iron and scintillator plates alternate to provide a good record of the tracks passing through
the Wall-MRDs.
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Figure 2.12: A diagram of the magnetic field distribution of a iron plate in BabyMIND (left),
and a picture of the front of BabyMIND, showcasing the three sections of iron plates and the
aluminium coils around the three sections in real life (right) [50].

2.6 BabyMIND

The Baby-Magnetized Iron Neutrino Detector (BabyMIND) is a detector built downstream of
WAGASCI. The BabyMIND consists of 18 scintillator planes and 33 magnetized iron plates, in
which the side view (y− z plane) and top view (x− z plane) is demonstrated in figures 2.13 and
2.14 respectively. The iron plates, denoted with orange colour in figures 2.13 and 2.14, have
dimensions of 3.5m×2m×0.03m, and each plate is divided into three sections. There are two
slots cut into the iron plates at a height of −0.5 m and 0.5 m along the y-axis with respect to the
center of the iron plates. For each section, aluminium coils are wrapped around the iron plates
through the slots to form solenoids around the three sections of the iron plates. A current of
140A goes through the solenoids with alternating direction between the top, middle and bottom
sections. As a result, alternating magnetic fields are formed, with the top and bottom section
having a magnetic field in the +x direction and the middle part having a field in the−x direction.
All the iron plates in BabyMIND are magnetized to have a magnetic field strength of 1.5T inside
the plates and below 10mT outside the iron plates. The magnetic field map inside the iron plates,
and the picture of the front of BabyMIND with the iron plates are shown in Fig. 2.12.

The reason for the iron plates to be magnetized is to identify the charge of the muons in
BabyMIND, and hence determine whether the neutrinos that generate these specific muons are
νµ or ν̄µ . Due to the magnetic field being horizontal, and the muon entering BabyMIND roughly
along the z-axis, due to the Lorentz equation ~F = q ·~v×~B, assuming the direction of the magnetic
field in the middle of the iron plates is into the page in Fig 2.13, a µ+ entering BabyMIND bends
upward while a µ− bends downward, until the muon reaches the upper and lower section of the
iron plate, where the magnetic field is now having the opposite direction. The muon will then
also bend towards the center of BabyMIND, confining more muon tracks for detection.

The scintillator planes are composed of vertical scintillator bars with dimensions of 1950mm×
210.6mm× 7.5mm and horizontal scintillator bars with dimensions of 2880mm× 31.3mm×
7.5mm. Each of the horizontal and vertical scintillator planes are composed of 95 horizontal
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Figure 2.13: A side view of BabyMIND. The blue bars denote scintillators and the orange bars
represent iron plates.

Figure 2.14: A top view of BabyMIND. The blue bars denote scintillators and the orange bars
represent iron plates.
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bars and 16 vertical bars respectively. The horizontal and vertical scintillator plane is shown in
figures 2.13 and 2.14 respectively, denoted with blue bars. The resolution of data collected from
the scintillator is determined by the width of the scintillator bar, as hits that are on any given
location on a scintillator bar are all considered to have the same position value. Hits recorded
in the horizontal bars, give the coordinates along the y-axis, giving the coordinates of the hits in
the bending y− z plane perpendicular to the magnetic field, while hits recorded in the vertical
bars, give hits on the x-axis, so should follow a straight line along the x− z plane. With such
design, the x and y position of the hits are recorded separately using MPPCs at either end of the
bars [51], and the hits recorded by the MPPCs are digitised in front-end electronics boards, and
recorded by the data acquisition system.

The reason for narrower horizontal bars and the increase in number of horizontal plates is
due to the need for higher resolution in the y-direction. As stated previously, the muon track after
interaction will bend upwards or downwards along y-axis depending on the charge of the muon.
As a result, it is expected that the change of y-position of the track is more important. Therefore
a narrower bar provides higher resolution, and improves the precision of the data collected in
the y-direction. Each complete scintillator plate is assembled into a module from two of each
of the horizontal and vertical plates, with the two horizontal plates at the center of the module.
To further increase the resolution of the complete scintillator plate, the horizontal and vertical
plates are aligned such that the center of a bar in the plate overlays on top of the edge of the
bar with the same direction, forming a zigzag pattern shown in figures 2.13 and 2.14. This can
further improve the resolution by a factor of 2.

The MPPC, a type of silicon photomultiplier, is used in BabyMIND and is the same as the
MPPC described in section 2.3 with dimensions of 2.625mm× 2.1mm× 0.85mm and with a
photosensitive area of 1.3mm×1.3mm [52, 53]. The S13660 series is chosen for the experiment
due to its high photon detection efficiency, low crosstalk and low dark current. These MPPCs are
glued at the end of each scintillator bar, connected with the wavelength-shifting (WLS) optical
fibres inside each of the scintillator bars. For the horizontal scintillator bars, the WLS fibres
are inserted into narrow tubes that travel across the scintillator bars, detecting photons emitted
when muons hit scintillators. For the vertical scintillator bars, the narrow tubes form a U-shape,
starting and ending at the same side. This allows the WLS fibers to cover more of the wider
vertical scintillator bars. The photon signals detected are transfered into the CITIROC readout
system, which is a fully analogue ASIC designed for photosensors such as MPPC. The CITIROC
reads in analog signals, and sends the signals to the analog-to-digital converters (ADCs) [52].
These readout systems are located at the end of scintillator bars, at the side of BabyMIND. The
digital signals converted by ADCs are stored and analyzed.

There are also two extra scintillators inside the first iron module, one in between the first and
second iron plates and one between the second and third iron plates. Each of the two scintillators
are composed of 7 horizontal scintillator bars with a height of 20mm. These extra scintillators
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Scintillator position
Scintillator index z-position (mm) Scintillator index z-position (mm)

1 -2021.5 9 -429
yasu1 -1900 10 -122
yasu2 -1830 11 171

2 -1767 12 377
3 -1563 13 601
4 -1453 14 805
5 -1343 15 1250
6 -1101 16 1570
7 -923 17 1994
8 -608 18 2094

Table 2.1: Table of the z-position of the scintillators relative to the center of BabyMIND, where
yasu1 and yasu2 are the two Yasu trackers. The z-positions given are at the center of the scintil-
lator modules that consist of two horizontal and two vertical scintillator planes.

Iron position
Iron index z-position (mm) Iron index z-position (mm) Iron index z-position (mm)

1 -1930 12 -481 23 937
2 -1858 13 -369 24 1004
3 -1790 14 -300 25 1074
4 -1503 15 -62 26 1313
5 -1393 16 8 27 1383
6 -1283 17 78 28 1454
7 -1041 18 148 29 1521
8 -971 19 437 30 1760
9 -863 20 506 31 1833
10 -790 21 578 32 1902
11 -548 22 865 33 1971

Table 2.2: Table of the z-position of the center of the iron plates relative to the center of Baby-
MIND.

are called the Yasu trackers. The Yasu trackers are added inside the first iron module in order
to obtain a better resolution for tracks with low momentum by allowing extra data points to be
recorded between iron plates in the first module. The current layout is shown in Fig. 2.13 and
2.14. The relative positions of the scintillator and iron plates, as they were constructed and laid
out in the B2 floor at J-PARC are described in tables 2.1 and 2.2.

Since BabyMIND is relatively new as a detector, there are limited simulation results focusing
on BabyMIND. A main goal of this thesis is to simulate and reconstruct the neutrino interactions
and the muon tracks formed by CCQE interactions inside BabyMIND. Due to the structure of
BabyMIND, the magnetic field is not uniform in z and drops to zero inside the air gaps between
plates, which makes the reconstruction not trivial. An aim of this thesis is to successfully recon-
struct tracks in BabyMIND and calculate the reconstructed event yield via simulation, and then
compare simulated results to experiment.



Chapter 3

Neutrino Beam Simulations of extended
target

3.1 Neutrino beam Monte Carlo simulation

3.1.1 T2K standard neutrino beam simulation

T2K has already produced world-leading results, with the first observation of νe appearance
in a long baseline experiment [54] and first hints of CP violation in neutrino oscillations [29].
Improvements in the physics programme of T2K rely on upgrades to both the beam and the de-
tector systems in ND280. One possible upgrade being considered is an extension of the neutrino
target inside the first horn, to increase the muon neutrino flux and decrease the contamination in
the beam from antineutrinos in forward-horn current (FHC) or increase the antineutrino flux and
decrease the neutrino flux in the reverse-horn current (RHC) configuration. Such a reduction of
the "wrong sign" flux is particularly important when hunting for CP violation as it makes the
observable signal stronger. This chapter is dedicated to the study of such modifications to the
neutrino target, to quantitatively determine the potential benefits to the experiment of such an
upgrade.

The JNUBeam package [44], developed by the T2K researchers, is a neutrino beam simu-
lation package that reads input files generated by FLUKA (a simulation package that calculates
the transport and interaction of particles with matter) [55], and uses the information in the files to
generate neutrino fluxes from different proton beam settings. With JNUBeam it is also possible
to generate neutrinos from hadron decays produced by the GCALOR hadron package embed-
ded in the JNUBeam package. It is tuned for the T2K secondary beamline settings, and multiple
options, such as the momentum of the proton beam and the direction of the current for the horn,
are available for change.

This thesis utilizes the JNUBeam package alongside the official FLUKA input files gener-
ated by T2K researchers to simulate the flux of neutrinos and antineutrinos. The JNUBeam pro-

38
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gramme is written based on the GEANT3 Monte-Carlo simulation package, an interaction event
generator written in 1987 to study detectors, to develop reconstruction programmes and to inter-
pret experimental data [56]. To reduce the uncertainties of the flux generated from JNUBeam,
the NA61/SHINE data is used to reweight and constraint the neutrino flux uncertainties. The
application of the NA61/SHINE data in 2009 reduced the flux uncertainties to 5%, from 10%
for the previous runs [57].

There are different ideas on how to improve the performance of the T2K experiment, and
one direction is to improve the target and the magnetic horn located at the secondary beamline.
As demonstrated in Fig. 2.4, the 91.4cm graphite rod is inserted into the upstream section of
the first magnetic horn at the secondary beamline as a target. As the neutrino yield is related to
the number of target nucleons, a target with higher volume increases the number of neutrinos
produced. While the optimal case would be to have a target with a length matching the inner
part of the first magnetic horn, it is physically impossible, as the long target will be bent due
to gravity. While it is possible to improve this design, it would be necessary for the beamline
to be shut down. Since any upgrade to the beamline will be costly and will require careful
engineering, especially in a high radiation area, it is imperative to understand the physics benefits
of upgrading the neutrino target. As a result, it is necessary to simulate the effect of every
potential target upgrade design on the performance of the T2K experiment. As there is a need
to improve the performance of the beam, simulations of the beam with different settings are
performed in this thesis, and suggestions based on the simulation results are given to researchers
building the upgrade for the target horn in the beam.

3.1.2 Results from simulations at 2.5 degrees

A simulation of the well-studied ND280 neutrino beam flux can be the basis for other simula-
tions that are less well understood. If the simulation is working as intended, it is expected that
a muon-neutrino flux should peak at 600MeV, as shown at the left of Fig. 3.1. The JNUBeam
generated neutrino flux result shows a similar result compared to the T2K official release, which
is as expected and shows that the JNUBeam code works as intended.

This result is generated with the following settings that can be modified freely. Using
GCALOR to generate the interaction parameters, the position of the beam is at the center of
the horn. The beam energy used in all the following plots and data is 30GeV, and the distance
between the horn and the detectors is 280m. Most of these variables are global, regardless of
the beam off-axis angle. The beam is set to emit protons at the center of the baffle, which is at
the upstream of the target.

The muon-neutrino flux generated by the JNUBeam package uses the forward horn current
(FHC) setting, which means that the current-induced magnetic field in the first magnetic horn
is clockwise, favoring the production of neutrino flux over antineutrino flux. The favored type
of neutrino flux is defined as the right-sign (RS) neutrino flux, where the other type of neutrino
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Figure 3.1: A comparison of the forward horn current neutrino flux between the official release
from T2K and the flux plot generated by JNUBeam code run by the author for this thesis, with
the official release at the left and the JNUBeam generated flux plot at the right.

flux is the wrong-sign (WS) neutrino flux. The wrong-sign ratio (WSR) between the two types
of neutrino fluxes is as follows:

WSR =

∫
νWS(E)dE∫
νRS(E)dE

, (3.1)

where νWS(E) is the wrong-sign neutrino flux and νRS(E) is the right-sign neutrino flux. The
wrong-sign flux is also known as the wrong-sign contamination. As a result, the WSR is a nec-
essary value that demonstrates the percentage of wrong-sign contamination, and also provides
a common ground for comparisons between different configurations of the horn on the perfor-
mance of the beam. Therefore, in a perfect case the WSR is 0, and an upgrade of T2K should
minimize WSR as the goal is to have as little wrong-sign flux as possible. The ’flux’ here is

N
AbPOT , where N is the number of neutrinos, A is the area of the detector (6.7596m2 for ND280),
b is the bin size chosen (50MeV in this thesis), and POT is the number of protons-on-target
(in units of 1021 POTs). Since the WSR is determined by two integrals of flux, the WSR is
dependent on the range of the energy selected.

For future calculations of WSR, the range of energy is chosen to be 0.2− 1.5GeV, as this
is a region where most of the neutrino interactions occur in ND280 and WAGASCI. The FHC
neutrino and antineutrino fluxes within such a region is demonstrated in Fig. 3.2. The neutrino
flux is the right-sign flux (blue) and the antineutrino is the wrong-sign flux (red) on the left of Fig.
3.2. The wrong-sign ratio plot for the flux distribution on the right of Fig. 3.2 also demonstrates
that the FHC produces a neutrino beam that has the least wrong-sign contamination at 600MeV,
which is the peak distribution for the beam with a beam off-axis angle of 2.5◦. Within this
region, the neutrino flux in Fig. 3.1 has a WSR = 0.0453. If a reverse horn current (RHC) is
present instead, as shown in Fig. 3.3, then the WSR = 0.0669. Table 3.1 shows the fluxes and
the wrong-sign ratio for the neutrino beam with a beam off-axis angle of 2.5◦.
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Figure 3.2: The neutrino and antineutrino flux for FHC between 0.2−1.5GeV is demonstrated
on the left, with a logarithmic scale on the y-axis, and on the right is the ratio of the antineutrino
flux bins (wrong-sign) over the neutrino flux bins (right-sign), thus a plot of WSR is produced.

Figure 3.3: The neutrino and antineutrino flux for RHC between 0.2−1.5GeV is demonstrated
on the left, with a logarithmic scale on the y-axis, and on the right is the ratio of the neutrino
flux bins (wrong-sign) over the antineutrino flux bins (right-sign).

Parameters and results for current T2K horn setting
right-sign flux

(/6.7596m2/1021 POT)
wrong-sign flux

(/6.7596m2/1021 POT)
wrong-sign ratio

FHC 1.661×1013 7.523×1011 0.0453
RHC 1.370×1013 9.162×1011 0.0669

Table 3.1: Table of the right-sign and wrong-sign flux for FHC and RHC neutrino beam with a
2.5◦ angle, with the wrong-sign ratio on the right.
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Figure 3.4: A comparison of the forward horn current muon-neutrino flux generated by
JNUBeam with the flux distribution for ND280 denoted blue (2.5◦) and the flux distribution
for WAGASCI denoted red (1.5◦).

As shown in table 3.1, the RHC generates neutrino beams with a lower right-sign flux yield,
a higher wrong-sign yield and a higher WSR, which shows that the performance of FHC is bet-
ter than RHC in the current T2K horn settings. This means the production of muon-neutrinos
through FHC is more efficient than the production of muon-antineutrinos. Such a relationship
is expected, given that positive protons incident on a target are more likely to produce posi-
tive pions, and should remain when the geometry of the first magnetic horn is modified in the
simulation.

3.1.3 Results from simulations at 1.5 degrees

While ND280 has a beam off-axis angle of 2.5◦, the WAGASCI-BabyMIND has a different
beam off-axis angle of 1.5◦, causing the flux to have different peak. It is expected that the peak
for a beam off-axis angle of 1.5◦ is around 800MeV. To compare the difference of the flux
distribution due to the beam off-axis angle, two simulations are performed, with neutrinos in
one of the simulation aiming toward ND280 (2.5◦) and neutrinos in the other simulation aiming
towards WAGASCI (1.5◦). Fig. 3.4 demonstrates the flux distribution of these two settings.
It is shown that the flux distribution for 1.5◦ has a lower peak flux distribution, as well as a
wider spread that peaks at 800MeV. This means that the muon-neutrino beam passing through
WAGASCI and BabyMIND has a higher energy on average, and we should expect that most of
the muon-neutrinos interacting in WAGASCI and BabyMIND have an energy around 800MeV,
higher than that of the neutrinos interacting in ND280.
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For the remainder of the chapter, the effect of the change of flux due to modifications of the
neutrino target will be carried out with respect to the ND280 flux at 2.5◦ angle, which is also the
angle to Super-K, and is therefore selected as the reference flux for comparison.

3.2 Neutrino beam simulations with an extended target

3.2.1 Extended target motivation

A neutrino beam, as discussed in section 2.2.2, is generated when the accelerated protons from
the primary beamline travel and interact with the carbon nuclei in the target. As a result, the
more nuclei there are in the target, the larger the neutrino yield should be. Moreover, it is
expected that the wrong-sign contamination, which comes mostly from particles that do not
enter the magnetic fields of the horns, will decrease as the length of the target increases. A
theoretically trivial solution on increasing the yield of the right-sign neutrinos is by extending
the graphite target such that the target fills neck of the first magnetic horn. However, this solution
is physically very difficult as the target is not rigid enough to remain straight over the full length
of the horn.

The current graphite target is tested such that the current length is constrained to prevent
deformation due to gravity. In the design of the target, as shown in Fig. 2.5, the target rod is
attached to the magnetic horn via a support structure at the upstream end of the first magnetic
horn. If the length of the target rod is extended, the lack of support on the other side may cause
the pivot point of the rod to be around the support. This means that the gravitational force acting
on the far end of the rod will have a greater impact, which will cause a deformation to the rod if
the rod is extended far enough.

Another constraint on the target is the deformation of the materials due to fluctuating tem-
peratures. When protons interact with the target to create secondary hadrons, the amount of heat
generated by radiation from the interaction is high enough for some of the materials to deform,
or even melt. Therefore, a suitable material in reality must require a good heat resistance, and
also a low density to maximise the yield of secondary hadrons escaping the target.

A solution proposed by our collaborators is to insert another target of some material into the
downstream end of the first magnetic horn, and to fill most of the horn, leaving only a small
air gap between the two targets. In the simulation, a 65cm graphite rod is inserted from the
downstream end of the first horn. A diagram of such a modification is shown in Fig. 3.5.
A JNUBeam simulation was run after the modification, and the neutrino flux distributions for
the FHC and the the RHC configurations were calculated, and the WSR was determined and
compared to the current T2K value.

Since the new target at the downstream end of the first horn is not yet installed, there is
freedom to choose the material used on the target. Besides graphite, which is the target material



CHAPTER 3. NEUTRINO BEAM SIMULATIONS OF EXTENDED TARGET 44

Figure 3.5: A JNUBeam generated graph of the side view of the first magnetic horn with an
extra graphite rod inserting from the downstream horn.

used in T2K, other materials are considered. Silicon carbide (SiC) has similar properties to
graphite but is about 50% denser, and is already in development for J-PARC Materials and Life-
Science Facility (MLF) [58]. The high heat resistance alongside with its same neutron/proton
ratio as graphite makes the material a good candidate for the target. Another material that the
collaborators were interested in studying is boron carbide (B4C), which is the compound with
the highest density for the longest radiation length. One other material to be considered is a
metal with a higher atomic number (Z) and atomic mass (A) value. In this thesis, titanium is
chosen simply because this material is already used in the construction of the target. With an
atomic number Z = 22, this material is used to determine whether a higher-Z material improves
the performance of this target, excluding any physical limitations that titanium may have.

As part of the study of the material properties of the extra target, we looked at changing
the atomic number Z and the density, to understand the effects of these two parameters inde-
pendently. For this reason, we tried out different materials and density, such as titanium with
nominal and half its density, or nickel (with an atomic number Z = 28) at half its density, such
that the nickel has a similar density compared to titanium with nominal density. A variable den-
sity target can be achieved by containing pellets of the material and packing them with more or
less spacing between pellets to achieve the required density. One other experimental modifica-
tion is a graphite rod with a changing density.

Another possible direction for upgrading the target is by changing the shape of the target,
and by changing the shape of the rod while still allowing the target to be able to be inserted in
the downstream section of the horn, therefore achieving a graphite target with changing density.
For simplicity, the graphite target used in this experiment is a combination of a tube and a rod
with half the radius of the original target that, when combined, forms the same shape as a regular
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graphite target. However, the graphite tube has half of the density of carbon, which creates a
simple graphite target with changing density.

All of the tests on materials and the experimental simulations are performed with FHC and
RHC. The goal is to discover the best material that has the most beneficial impact to the wrong-
sign contamination. The simulations of the extended target with different materials, aims to
determine the correlation between atomic number and density with the wrong-sign contamina-
tion.

3.2.2 Results of extended target simulations in FHC configuration

For the forward horn current, similar plots to Fig. 3.2 are produced and compared with an
extra graphite target inserted at the downstream end of the first horn. Fig. 3.6 demonstrates the
superposition between Fig. 3.2 and a similar plot, generated with the same method but with an
extra graphite target downstream of the first magnetic horn. It is shown that the yield of the
right-sign flux increases while the yield of the wrong-sign flux decreases. This is an expected
result, and proves that inserting an extra graphite target at the downstream end of the original
target does improve the performance of the beam by both increasing the right-sign yield and
decreasing the wrong-sign contamination. The extra material in the target means that more π+

and π− are created. The extra π+ created are then focused in the second and third horn (for
FHC) and the π− are defocused (and vice versa for RHC). So, the net effect is that there is an
increase in right-sign pions and a decrease in wrong-sign pions. A comparison of the WSR with
and without the extra graphite target is demonstrated on the left in Fig. 3.7. It is shown that
the extra downstream target lowers the WSR in every bin, with a better effect for high energies
above 1GeV. On the right of Fig. 3.7 there is the ratio of the two WSR (RWSR) plots, where,

RWSR =
WSRTarget

WSRT2K
. (3.2)

Equation 3.2 is valid for energy-dependent fluxes and the WSRs shown in the figures, and also
the integrated flux WSRs that are shown in tables 3.1 and 3.2. The RWSR is a figure of merit that
identifies the decrease in the WSR from the extended target, based on the simulation results from
the current T2K setting demonstrated in Fig. 3.2. However, as shown in table 3.2, the existence
of an extra target also increases the right-sign yield. This improvement is also included into the
final figure of merit, by introducing the right-sign ratio (RSR) that is defined as:

RSR =

∫
νRS(material)(E)dE∫

νRS(T2K)(E)dE
. (3.3)

By dividing RWSR with respect to RSR, the effect of the increase of the right-sign fluxes is
included and thus the final ratio (FR) is used to compare the total improvement from the extra
targets with different materials with respect to the current T2K horn setting without any extra
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Figure 3.6: A comparison between the neutrino fluxes shown in Fig. 3.2, and a similar plot that
is produced with an extra graphite target downstream with the FHC neutrino beam configuration.
The lighter points are the fluxes from the current T2K target and the darker points are the fluxes
from the configuration that includes an extended graphite target.

targets, that is,

FR =
RWSR
RSR

, (3.4)

and its value should be minimized for optimizing the target design.
The simulation result of the materials (graphite, silicon carbide, boron carbide and titanium)

are shown with the figures-of-merit mentioned above in table 3.2, and their WSR plots with
respect to the current T2K beam setting, alongside with the RWSR plots are shown in Fig. 3.7
and Fig. 3.8. The goal is to make the FR figure-of-merit as small as possible, thus reducing the
wrong-sign contamination and increasing the right-sign flux. From table 3.2, while considering
the increase of right-sign flux and the decrease of wrong-sign contamination, the extra graphite
target improves the comprehensive performance by 10%, while silicon carbide, boron carbide
and titanium improves the performance by 15%, 12% and 20% respectively.

If only simulated results are considered, titanium has the best performance as a high Z and
high density element, and silicon carbide follows. However, titanium has low heat conductivity,
which makes it difficult to make a solid target out of this material to withstand high thermal
shock. A lower density titanium target is possible, if it is made out of pellets. However, sili-
con carbide has excellent heat conductivity and has the best performance out of the remaining
materials. So, even though titanium has the best performance, silicon carbide shows the best
compromise between good material properties to build a solid extra target out of the four con-
sidered, while still giving a 15% improvement in performance for FHC.

Besides the four materials demonstrated above, changes to the density of certain elements
are performed to investigate the correlation between the atomic number and the density, and the
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Figure 3.7: The WSR plots of the neutrino flux generated with (red data points) and without
(blue data points) the downstream graphite target on the left, and the ratio of the two WSRs, the
modified setting over the current T2K setting on the right for the FHC neutrino beam configura-
tion.

wrong-sign ratios and figures-of-merit
for comparison w.r.t the current T2K horn settings (FHC)

Materials Graphite Silicon carbide Boron carbide Titanium
Density (g/cm3) 1.806 3.16 2.52 4.54

RS integrated flux
(/6.7596m2/1021 POT)

1.7224×1013 1.7131×1013 1.7124×1013 1.666×1013

WS integrated flux
(/6.7596m2/1021 POT)

7.2813×1011 6.8363×1011 6.9959×1011 6.0863×1011

wrong-sign ratio 0.0423 0.0339 0.0409 0.0365
Ratio of WSR 0.933 0.881 0.902 0.807
right-sign ratio 1.0369 1.0312 1.0308 1.0027

Final ratio 0.9003 0.8546 0.8752 0.8046

Table 3.2: Table of wrong-sign ratios and other figures-of-merit used to compare the effect of an
extended target with different materials with respect to the nominal T2K target.



CHAPTER 3. NEUTRINO BEAM SIMULATIONS OF EXTENDED TARGET 48

Figure 3.8: The WSR plots (left) and RWSR (right) plots for silicon carbide (top), boron carbide
(middle) and titanium (bottom) respectively for the FHC neutrino beam configuration.
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performance of the extra targets made by these modifications. Fig. 3.9 and table 3.3 show the
figures-of-merit for the extra extended target materials considered. The simulations show that,
when comparing to the titanium listed in table 3.2, decreasing the density (titanium with half of
the density) raises the final ratio, meaning that for the same material, the performance is better
as the density goes up. However, increasing the atomic number (nickel with half of the density
to match the density of titanium) also raises the final ratio, which shows that for elements with
similar density, it may be better to pick a material with lower atomic number.

Another extended target simulation that was carried out was to construct a graphite target
that has an outer region and an inner region, where the outer region is made of graphite with
half of the density. This is a simple way to simulate a graphite target with modified geometry,
such as a spiral shaped rod that has a lower mean density on the outer region of the target. The
results of such simulations are also shown in Fig. 3.9 and table 3.3. The result follows the pre-
vious analysis of the effect of density on the performance of the extra target. The two-densities
graphite target performs worse than the extended, normal density graphite target, gaining only
4% improvement from 10%. A summary of all the final ratios for all the materials considered
that make up the extended target discussed is shown in Fig. 3.10.

An interesting result is that the nickel target and the graphite target with two-densities have
a RSR < 1, which means these two extra targets will decrease the yield of right sign neutrinos.
This is an example of why simulations have to be conducted with different materials of interest
before deciding the material to be used in the upgrade. There are two competing effects: a
higher density material increases the production of pions, but if the density is too high, the pions
cannot escape the target. While the density of the nickel target is halved such that the density
of the target is close to the titanium target in table 3.2, the high atomic mass alongside the high
density cause the pions to be absorbed, thus lowering the right-sign neutrino yield. The carbon
target has the opposite issue compared to the nickel target where the density of the carbon target
is too low. In this case, not enough neutrinos are produced through such a low density target and
thus the target may have negligible effect on neutrino production. The slight difference on the
RS flux is probably due to statistical fluctuations. These two examples show that the material
selection for the extra target is not trivial, as a material with a density either too high or too low
may both produce unintended RS flux yields.

In reality, the extra target shown in Fig. 3.5 needs a supporting structure at the downstream
part of the horn to hold the extra target and provide coolants for the target. As a result, a simple
titanium disk with a thickness of 4mm is constructed in the simulation as a simplified version of
the structure, shown in Fig. 3.11. The thickness would be sufficient to hold this target but it has
not been engineered. The point of the study is to see what is the effect of the holder on the target
performance, to demonstrate any loss in performance that arises from such a structure. It is
expected that the material in the supporting structure for the target will reduce the performance
of the extra target.
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Figure 3.9: The WSR plots (left) and RWSR plots (right) for titanium with half the density (top),
nickel with half the density (middle) and graphite with a target containing two densities (bottom)
respectively for the FHC neutrino beam configuration.
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wrong-sign ratios and figures-of-merit
for comparison w.r.t the current T2K horn settings (FHC)

Materials Titanium Nickel
Graphite

(two densities)
Density (g/cm3) 2.27 4.454 1.806 and 0.903

RS integrated flux
(/6.7596m2/1021 POT)

1.7182×1013 1.6446×1013 1.6570×1013

WS integrated flux
(/6.7596m2/1021 POT)

7.1061×1011 7.3323×1011 7.1957×1011

wrong-sign ratio 0.0414 0.0446 0.0434
Ratio of WSR 0.913 0.985 0.959
right-sign ratio 1.0343 0.9900 0.9975

Final ratio 0.8830 0.9945 0.9614

Table 3.3: Table of wrong-sign ratios and other figures-of-merit used to compare the effect of
an extended target with different materials of varying densities with respect to the nominal T2K
target.

Figure 3.10: The final ratio comparison of the extra target made with different materials for the
FHC neutrino beam configuration.
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Figure 3.11: The side view of the first magnetic horn with the extra graphite target and a tita-
nium disk representing the support structure. The scale of the disk is exaggerated for ease of
understanding.

Figure 3.12: The WSR plots (left) and RWSR plots (right) for the FHC neutrino beam configu-
ration with an extra graphite target and an extra titanium disk to simulate the target holder.

The simulated WSR and RWSR plots, as well as the figures-of-merit are shown in Fig. 3.12
and table 3.4. The final ratio of the target with a support disk is lower than the final ratio of just
the graphite target shown in table 3.2. This suggests that for FHC, the existence of any support
structures lower the effectiveness of the extra target inserted at the downstream end of the horn.
It is important, when designing the extra target for the T2K upgrade, that the amount of material
used to build the support structure should be minimized and that the support structure is taken
into account when evaluating a realistic design.

3.2.3 Results of extended target simulations in RHC configuration

The simulations and analyses made in section 3.2.2 are also carried out with the RHC configu-
ration, where the antineutrino fluxes are the right-sign fluxes. The figures of merit for the four
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wrong-sign ratios and figures-of-merit w.r.t the current T2K horn settings (FHC)
Materials Graphite with titanium support

RS integrated flux
(/6.7596m2/50MeV/1021 POT)

1.686×1013

WS integrated flux
(/6.7596m2/50MeV/1021 POT)

7.200×1011

wrong-sign ratio 0.0427
Ratio of WSR 0.9432
right-sign ratio 1.01

Final ratio 0.9294

Table 3.4: Table of wrong-sign ratios and other figures-of-merit used to compare the effect of an
extended graphite target with an extra titanium support for the FHC neutrino beam configuration.

materials are demonstrated in Fig. 3.13 and table 3.5, and for the extra extended target materials
considered, the figures of merit are shown in table 3.6.

From the summary plot on the final ratio of materials with RHC in Fig. 3.14, and comparing
this summary to Fig. 3.10 that shows the final ratio of materials with FHC, the general conclu-
sion is that the trend in the FHC and RHC results for each material seem to be quite consistent.
However, from the summaries, it is shown that the extra target downstream has a better effect
on improving the performance of the beam in RHC. What are shown in Fig. 3.10 and table 3.3
is that the titanium target, with a relatively low atomic number (compared with nickel) has the
best performance on reducing the wrong-sign contamination and increasing the right-sign yield,
regardless of the direction of the current in the magnetic horn. However, as discussed in section
3.2.2, the thermal properties of titanium preclude building a solid titanium target. Meanwhile,
silicon carbide, with a low density and high heat conductivity, shows the best performance ex-
cluding titanium, which makes silicon carbide the best realistic material candidate, with 15%
improvement in FHC and 19% improvement in RHC.

The extra support structure also has the same effect for RHC compared with the effect for
FHC. A design for the support part of the target is recommended to use as little material as possi-
ble, as the material in the target support will increase the final ratio, decreasing the performance
of the extra target. All of the simulation results and details of the analysis, alongside with rec-
ommendations made based on these results, have been given to our engineering collaborators,
who are responsible for evaluating, designing and installing such a neutrino target update in the
future.
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Figure 3.13: The WSR plots (left) and RWSR plots (right) for graphite (top), silicon carbide
(second row), boron carbide (third row) and titanium (bottom) respectively for the RHC neutrino
beam configuration.
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wrong-sign ratios and figures-of-merit
for comparison w.r.t the current T2K horn settings (RHC)

Materials Graphite Silicon carbide Boron carbide Titanium
Density (g/cm3) 1.806 3.16 2.52 4.54

RS integrated flux
(/6.7596m2/50MeV/1021 POT)

1.421×1013 1.419×1013 1.422×1013 1.377×1013

WS integrated flux
(/6.7596m2/50MeV/1021 POT)

8.686×1011 7.970×1011 8.217×1011 7.156×1011

wrong-sign ratio 0.0611 0.0562 0.0578 0.0520
Ratio of WSR 0.9162 0.8400 0.8640 0.7773
right-sign ratio 1.037 1.0354 1.03079 1.005

Final ratio 0.8817 0.8112 0.8325 0.7735

Table 3.5: Table of wrong-sign ratios and other figures-of-merit used to compare the effect of
an extended target with different materials with respect to the nominal T2K target for the RHC
neutrino beam configuration.

wrong-sign ratios and figures-of-merit
for comparison w.r.t the current T2K horn settings (RHC)

Materials Titanium Nickel
Graphite

(two densities)
Density (g/cm3) 2.27 4.454 1.806 and 0.903

RS integrated flux
(/6.7596m2/50MeV/1021 POT)

1.420×1013 1.355×1013 1.3670×1013

WS integrated flux
(/6.7596m2/50MeV/1021 POT)

8.443×1011 8.929×1011 8.7277×1011

wrong-sign ratio 0.0594 0.0659 0.0638
Ratio of WSR 0.889 0.986 0.949
right-sign ratio 1.0361 0.9886 1.0006

Final ratio 0.8582 0.9970 0.9483

Table 3.6: Table of wrong-sign ratios and other figures-of-merit used to compare the effect of
an extended target with different materials of varying densities with respect to the nominal T2K
target for the RHC neutrino beam configuration.

wrong-sign ratios and figures-of-merit w.r.t the current T2K horn settings (RHC)
Materials Graphite with titanium disk

RS integrated flux
(/6.7596m2/50MeV/1021 POT)

1.3926×1013

WS integrated flux
(/6.7596m2/50MeV/1021 POT)

8.578×1011

wrong-sign ratio 0.06143
Ratio of WSR 0.9187
right-sign ratio 1.019

Final ratio 0.9015

Table 3.7: Table of wrong-sign ratios and other figures-of-merit used to compare the effect of an
extended graphite target with an extra titanium disk for the RHC neutrino beam configuration.
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Figure 3.14: The final ratio comparison of the extra target made with different materials for the
RHC neutrino beam configuration.

Figure 3.15: The WSR plots (left) and RWSR plots (right) for the RHC neutrino beam configu-
ration with an extra graphite target and an extra titanium disk to simulate the target holder.



Chapter 4

Neutrino interactions in BabyMIND

4.1 Motivation for measuring neutrino interactions in the iron
of BabyMIND

The only way a detector distinguishes incoming neutrinos from antineutrinos is by detecting
the product of the neutrino interactions. As stated in section 1.3.4, since the majority of the
neutrinos and antineutrinos produced from the T2K beamline have a relatively low energy, the
neutrino interactions that T2K expect are CCQE and CCRES interactions, implying that the
muon from the interaction is negative from neutrinos and positive for antineutrinos. As a result,
a detector that is able to distinguish the charge of the muons produced in neutrino interactions is
necessary to understand more about neutrino and antineutrino interactions that the T2K beamline
generates.

Combining the ability of BabyMIND that it can constrain positively and negatively charged
tracks with the fact that the neutrinos reach BabyMIND with an off-axis angle of 1.5◦ on WA-
GASCI and BabyMIND, the BabyMIND detector allows the measure of wrong-sign contamina-
tion of the neutrino beam observed at an off-axis angle of 1.5◦, which can then can be compared
to the simulation values. This comparison can increase the understanding of the neutrino beam
generated from the beamline to BabyMIND, and also allows possible improvements on the sim-
ulation code by identifying the differences between simulations and experimental results.

To distinguish neutrino and antineutrino interactions, the BabyMIND detector is built to
allow a strong magnetic field with a strength of 1.5T to flow inside the iron component of
the detector. As a consequence, neutrino interactions, which produce negative muons, have
their dominant track bend downwards and antineutrinos produce positive muons, which bend
upwards in the center of BabyMIND. To introduce such a magnetic field in the detector, iron
plates are used as the interaction target in BabyMIND, with a horizontal induced magnetic field
with a strength of 1.5T, as shown in Fig. 2.12.

As BabyMIND is built as a magnetized detector, iron is the optimal material for the target

57
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plates in BabyMIND, similar to the SMRDs, and is different from the hydrocarbon and water
used in the proton module and WAGASCI. Therefore, BabyMIND also provides an opportunity
for the T2K experiment to compare neutrino interactions, mainly CCQE interactions and their
corresponding cross-sections, as a function of the atomic number and nuclear mass of the three
materials.

Another important contribution from BabyMIND is the increase of data yield as a result of
the relatively high mass. For the first module of iron plates in BabyMIND, where most of the
neutrino interactions entering BabyMIND will appear to start, the dimensions are 350× 200×
9cm3 = 6.30× 105 cm3. As the density of iron is 7.874g/cm3, the total mass of the first iron
module is 4.96×106 g = 4960kg. Comparing this to the mass of WAGASCI, the dimensions of
the two WAGASCI modules combined are 127.6×120.4×51cm3×2 = 1.57×106 cm3. As the
density of the hydrocarbon is 1.032g/cm3, and the density of water is 1g/cm3, the mass of the
WAGASCI modules combined is around 1600kg, which is less than the mass of the first iron
module in BabyMIND. As a result, it is expected that the BabyMIND detector can increase the
yield of CCQE neutrino interactions, thus providing more data to be analyzed.

The data recorded from BabyMIND has to be reconstructed by track reconstruction code,
using the position of the muons recorded by the scintillators. The track reconstruction can
analyze the data, and reconstruct the information of the clusters of hits, the interaction vertices,
and the reconstructed tracks based on different algorithms. Different algorithms will affect
the final result of the reconstruction, thus choosing and implementing the suitable algorithm
is essential for track reconstruction, and is being investigated by different researchers in the
T2K project.

The information that is reconstructed from the tracks, mainly the muon momenta, can then
be used in equation 1.26 to extract the energy of the neutrino in the CCQE interaction. With the
neutrino energy extracted, it is possible to extract the cross-section information of the interaction
as a function of neutrino energy. In this chapter, we will not extract the neutrino cross section,
but instead we will measure the neutrino yields deduced from muon momenta, using the existing
reconstruction, and compare the yields for neutrino interactions and antineutrino interactions.

4.2 Simulation of neutrino interactions in iron

The simulations of neutrino interactions are performed using the NEUT package [59], which
is a neutrino-nucleus scattering simulation package written and maintained by the researchers
in the Super-Kamiokande, T2K and Hyper-Kamiokande experiments. The NEUT software is
capable of simulating neutrino interactions from 100MeV to a few TeV, and calculate the initial
and final state nuclear effects for materials from boron to lead. As NEUT calculates neutrino-
nucleus scattering, the re-scattering of hadrons from neutrino interactions can be handled by
NEUT, and low energy pion scattering and pion production can be simulated by NEUT. The
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Monte-Carlo neutrino interaction simulation code that is used in this thesis is written based on
NEUT, and is developed by researchers in T2K.

The Monte-Carlo (MC) simulations can create true information of the neutrino interactions.
From simple mono-energetic, narrow (pencil) beams to realistic beam flux distributions, the MC
simulation can simulate the interactions and give information on the tracks, such as the positions
of all the hits when the tracks pass through the iron and scintillator plates, the directions of
motion, and the momenta of the tracks right after the neutrino interactions. The information
is considered to be ‘true’ information since this is a simulation of neutrino interactions in the
experiment, where most of the information of these true events is impossible to retrieve, and is
only available in simulations. The MC code can receive inputs from the FLUKA flux files that
contain neutrino beam flux outputs similar to the T2K beamline in reality, or specify a pencil
beam with various settings such as the momentum of the pencil beam and the incident angle of
the neutrinos. The simulation code is also capable of selecting the interaction to occur only at a
specific detector.

For the interest of this thesis, the neutrino interactions that are investigated are the interac-
tions that happen inside BabyMIND, which represents the interaction between neutrinos and the
iron nuclei. In the code, while selecting BabyMIND as the detector of interest, the location in
which the neutrinos interact with the iron nucleus is randomly distributed across all iron plates.
However, we want to extract as much information about the muon tracks in BabyMIND as pos-
sible, so we select a fiducial volume in which neutrino interactions only occur in the first three
iron plates (the first iron module) of BabyMIND, and thus in this thesis the MC code is modified
to force the neutrino interactions that occur inside BabyMIND to be randomly generated only in
the first three iron plates.

Fig. 4.1 shows some of the information extracted from the true muon tracks generated from
the MC code. From Fig. 4.1, the simulated true muon momentum peaks at 500MeV/c and
the true muon-neutrino energy plot has a wide peak at approximately 600− 700MeV. This
truth information is able to be extracted due to the fact that the interaction is simulated by code,
and is available to the user. For real data, a reconstruction method is necessary to allow the hits
generated from the MC to be reconstructed into clusters, then to be reconstructed into interaction
vertices, and finally to be reconstructed into tracks that may differ from the true tracks.

4.3 Reconstruction of muons in BabyMIND

The track reconstruction code is written specifically for the T2K experiment by the researchers
in the project. The reconstruction process starts from the hits that are generated in the MC
code. These hits will be seeded and divided into different clusters using the cellular automaton
based (CAT) algorithm [60]. The hits are collected into clusters that are contained by three-
dimensional cells in space. Each of the cells contains states of 0 (nothing in the cell) or 1 (track
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Figure 4.1: The true muon momentum spectrum (left) and the true muon-neutrino energy spec-
trum (right) from 0 to 3000MeV/c muon momenta, generated with the JNUBeam neutrino beam
simulation and the NEUT neutrino interaction package.

segments in the cell), and track segments are created inside a cell by connecting neighbouring
hits that can maximize the smoothness and length of the track segments. After the construction
of track segments, the cellular automaton algorithm is performed, where the automaton looks
for neighbours of the cells. If a cell has a leftward neighbour that contains the same number of
states as the states in the cell, then the number of states in the cell is increased by one. This
forward iterative process continues until no more neighbours with the same states can be found.
After the forward interative process, it is expected that the cells have higher states towards the
right side of the space. The automaton then performs a backward pass that starts from the cell
with the highest states, and looks for the leftward neighbours to find the optimized neighbour
to form a candidate track, which now should span over cells with an ascending order of states
starting from the leftmost of the track [61].

This seeding process gives a direction for the code to know which clusters belong to the
same track, and thus is the first step of the reconstruction process. After seeding, the clusters
are then reconstructed into interaction vertices, where the positions of the neutrino interactions
are reconstructed. With the interaction positions reconstructed, tracks can be reconstructed to
obtain the momenta and directions of the reconstructed tracks. As positions of the hits are the
only known variables that are known in reconstruction and in the actual experiment, different
strategies are proposed on how to reconstruct the momenta and energies of the tracks. Two of the
main directions for reconstruction in BabyMIND are reconstruction by range and reconstruction
by curvature.

To understand the relationship between momentum and the travel distance of the track, the
Bethe-Bloch function is introduced as follows [62, 63],

−dE
dx

= Kz2 Z
A

1
β 2

[
1
2

ln
2mec2β 2γ2Tmax

I2 −β
2− δ

2

]
. (4.1)

The Bethe-Bloch (BB) equation consists of variables that remain constant, such as the mass
of the electron me and K = 4πNAr2

emec2, a variable that depends on Avogadro’s constant NA,



CHAPTER 4. NEUTRINO INTERACTIONS IN BABYMIND 61

the electron radius re and me. Some other variables are material-dependent, such as the atomic
number, Z, and atomic mass, A of the material. The mean excitation energy, I, is also material-
dependent. For the interest of this research, where the BB equation is used on muon tracks, the
charge of the incident particle z is also a constant as only charge of muon is considered. As a
result, the only independent variables that are not constants are the relativistic terms βγ = vγ

c ,
Tmax, the maximum possible kinetic energy loss in a single collison, which is a function of βγ

and the mass of muon and electron (constants), and the mean rate of energy loss −dE
dx .

The Bethe-Bloch equation describes the relationship between the energy loss of the particle
travelling through a material, also known as the stopping power, and the velocity of the particle.
Fig. 4.2 shows the relationship between the stopping power and the βγ , which is interchangeable
with momentum or kinetic energy, of µ+ on copper. Although our material of interest for this
thesis is iron, equation 4.1 shows that the change of material simply acts as a scaling of the
overall trend of the stopping power as a function of βγ . The βγ range of interest in BabyMIND
should be between 0.1 and 100, which corresponds to muon momenta of 10MeV/c to 10GeV/c.
For momenta below the minimum ionization value, there is a vast increase in stopping power as
the momentum of the muon decreases. Meanwhile, at higher momentum, above the minimum
ionization value, the stopping power increases only by a slight number from 0.1 to 10GeV/c.
This suggested that the change of the muon stopping power is more sensitive at low momentum,
i.e. when the muon is about to stop.

While reconstructing the tracks by the range travelled is one of the options, the reconstruc-
tion can also be done by investigating the curvature of the motion inside the magnetic field.
As BabyMIND is a magnetized detector, the muons passing through the magnetized iron will
have curvatures based on the momentum of the muons. Investigating the curvatures can then be
used to reconstruct the momentum of the muons, and then obtain the neutrino energies. How-
ever, the complexity of reconstructing momentum by curvature is high due to the geometry of
BabyMIND. Due to the scintillators in between magnetized iron plates, the magnetic field inside
BabyMIND is not uniform in z, and thus instead of smooth curves, tracks inside BabyMIND are
composed of multiple segments of curves in the iron plates, and multiple segments of straight
line in the scintillators. This makes the reconstruction difficult as the curvature is changing. In
this thesis, the method that is used to reconstruct tracks is reconstructing momentum by range,
using the Bethe-Bloch equation in equation 4.1.

The implementation of the Bethe-Bloch equation into the track reconstruction is not trivial,
as the equation has three variables that are not a property of the target material. These are dE,
the change of energy we wish to find, dx, the change of position, and βγ , which is a relativistic
velocity term that depends on the speed of the track. For reconstruction, dx is the only variable
that is known, and thus it is not possible to just apply the BB equation forward, starting from the
interaction vertex. However, the value of βγ can be constrained in one scenario, which is when
the track stops. In this case, βγ = 0. The strategy of reconstruction using the BB equation is to
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Figure 4.2: A plot of the stopper power over the βγ , or the momentum (interchangeable), for
µ+ on copper [63]

start from the last hit of the track and reconstruct backwards. However, the information of the
previous hit is also necessary to start the first step of the BB calculation.

From here onward, assumptions are made to estimate the position of the stopping point for
the tracks, and the βγ value of the track just before it stops. For the position of the stopping
point, the assumption is that the particle stops in the middle point in the iron plate between
the scintillator of the last hit and the next scintillator, if there are iron plates in between the two
scintillators, and stops in the center of the scintillator if there is no iron plates downstream of that
scintillator. This method assumes that the position where the track stops inside an iron module is
randomly distributed. A BB calculation is then performed backwards starting from the stopping
point. As the stopping power is sensitive at low muon momentum, the BB calculation is done
recursively every half of the iron plate if the track stops in iron, or 20 times inside the scintillator
to ensure that the sensitivity of the stopping power at low momentum has a smaller effect to the
reconstruction. The βγ value of the first step, and the relationship between the stopping power
and the kinetic energy for muons in iron and in polystyrene (the material of the scintillators) is
retrieved from tables created by Groom, Mokhov and Striganov in 2001 [62].

Since the kinetic energy KE =
√

m2
0 + p2−m0, and the momentum of muons are directly

related to βγ , as shown in Fig. 4.2, by using the tables, we can assume the stopping power
of lowest available kinetic energy in the table at 10MeV is the stopping power to use in the
first step. The energy loss at any given step is the multiplication of the total energy loss rate,
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with units of MeVcm2/g, and the density per unit area, X = ρdx where ρ is the density of the
material, in this given step. The sum of all the energy losses from the first step to a given step is
then converted into the βγ value for the next step. This recursive process, once it covers all the
hits in the track, extracts the total energy loss of the track, and thus the momentum of the track
is obtained.

To test and verify the Bethe-Bloch equation algorithm, simple cases are investigated before
reconstructing the MC results that are generated by the T2K beam flux distributions. The recon-
structions are done on pencil beams with various muon momenta, from 0MeV/c to 2000MeV/c
for every 100MeV/c step. Two types of pencil beams are used in this investigation. Two con-
figurations of the beam are simulated. One of the beams is parallel with the z-axis with a zero
off-axis angle, and with the magnetic field in the iron plates turned off. The other beam has an
off-axis angle of 30◦, and magnetic field turned on to match the MC results using the T2K flux
data. Examples of the reconstructed muon momenta of the pencil beams, alongside with the
comparison to the true muon momenta with the residual plots (true minus reconstructed) of such
beams are shown in Fig. 4.3 and Fig. 4.4, and when all the results from different true momenta
are combined together, migration matrices for the two beams are formed in Fig. 4.5 and Fig.
4.6.

The small peaks from the residual plot of Fig. 4.3 is due to the structure of BabyMIND
and the location of the scintillator, that caused the reconstruction from hits collected in the
scintillator to have discrete characteristics, with a small portion of muons creating hits in the
next scintillator plane. This means that the fraction of hits in the next plane increases as the
momentum increases, since the fraction of muons that punches through to the next scintillator is
larger. Hence, we have double peaks with varying heights in momentum and residual.

The width of the distribution for the 700 MeV/c muons at 30 degrees is broader because of
the opening angle, so the amount of iron traversed between scintillator planes is larger. However,
when the beam has a true momentum of 1300MeV/c, it is not a discrete peak anymore due to
the fact that the beam is entering BabyMIND with an angle with a high enough energy that the
beam reaches that side of the BabyMIND and escapes, causing an underestimation of the true
momentum of the beam.

From both of the individual plots and the migration matrix, it is shown that the true muon
tracks at low energies are not reconstructed. This is due to the limitation of reconstructing
momentum by range and the fact that the low-momentum muons do not make enough scintillator
hits to produce a track due to the high density of the iron. For low momentum muons below
300MeV/c, there is not enough momentum for the muons to travel through enough layers of
iron and scintillator to result in a reconstructible track. As a result, the information at low
energies is lost. Another limitation from the pencil beam reconstruction is that the reconstructed
momentum cannot increase beyond the point where the true momentum increases high enough
that the muon crosses the length of BabyMIND and exits the detector.
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For the beam without angle, the limit of true momentum before the reconstructed momentum
becomes constant is 1600MeV/c, and for the beam with a 30◦ angle, the limit is 1200MeV/c.
This is due to the fact that tracks with high energies pass through the whole detector, leaving hits
across all the plates, thus all the true tracks with a momentum passing the limit of the detector
are all reconstructed with similar momentum values, as the reconstruction code assumes that the
muon stops at the last scintillator.

The reason that the limit for the beam at a non-zero angle is lower is because the beam
escapes not at the end of BabyMIND, but at the sides, causing the length of tracks inside Baby-
MIND to be smaller, and the limit for reconstruction lower compared to the beam with zero
angle. The efficiency of the reconstruction in both cases, obtained from dividing the number of
reconstructed tracks with the number of true tracks (10000 for all pencil beams), for the two con-
figurations are shown in Fig. 4.7. These two plots show the efficiency of the BB reconstruction
in BabyMIND, supporting the fact that low energies are not reconstructed.

The mean values of all the reconstructed momentum spectra for the two types of beam con-
figurations are shown in Fig. 4.8, with the standard deviation of each of the reconstructed mo-
mentum as the error. The red line across the two plots represent the function y = x, which, in the
relationship between true and reconstructed momentum, represents the ideal scenario where all
the momenta are perfectly reconstructed. As y = x lies in between the error bars between ener-
gies around 400MeV and the upper limit of the reconstructed momenta, the BB reconstruction
is shown to be a suitable reconstruction tool in this region, and can be used to reconstruct tracks
from the MC simulation results.
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Figure 4.3: Some example plots of the pencil beam with neutrinos travelling parallel to the z-
axis into BabyMIND without magnetic field. Plots on the left are a comparison between the true
momentum (black) and the reconstructed momentum (green), and on the right are the residual
plots, from subtracting the true momentum with the reconstructed momentum for each track.
The beam has a momentum of 700MeV/c on the top and 1300MeV/c (above the limit where
the muon will exit the detector) at the bottom.
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Figure 4.4: Some example plots of the pencil beam with neutrinos travelling with incident angle
of 30◦ into BabyMIND with magnetic field. Plots on the left are a comparison between the
true momentum (black) and the reconstructed momentum (red), and on the right are the residual
plots, from subtracting the true momentum with the reconstructed momentum for each track.
The beam has a momentum of 700MeV/c on the top and 1300MeV/c at the bottom (above the
limit where the muon will exit the detector).
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The reconstruction of the MC results are necessary before reconstructing the experimental
data. Simulating the reconstructed tracks from MC results, which aim to provide realistic sim-
ulations of the T2K beams passing through BabyMIND, is the foundation for the construction
of the migration matrix that represents the correspondence between a true track and its recon-
structed counterpart. As a result, multiple constraints are made for the reconstruction of the MC
results that mimic the conditions that the experimental data should have. In experiments, many
of the neutrinos from the beam have to undergo interactions already with upstream detectors
such as the WAGASCI detectors and the proton module. As a result, it is expected that most of
the muon tracks detected come from outside of BabyMIND.

A new set of simulations were carried out, using the JNUBeam neutrino flux for BabyMIND
and the NEUT neutrino event generator to simulate muon neutrino and antineutrino CCQE inter-
actions in the iron of the first three iron plates of BabyMIND. To focus on the muon tracks that
originate inside BabyMIND, all the tracks with a hit at the first scintillator plane (the scintillator
without any iron plates in front) are vetoed out.

Another condition that is implemented in the reconstruction is the incident x−y position. As
shown in Fig. 2.12, the magnetic field at the left and right sides is not uniform as this part of the
iron plate acts as a flux return to bend the magnetic field from the middle section to the top and
bottom of the iron plates. The top and bottom magnetic fields also have an opposite direction
compared to the center part. As a result, another condition is to veto out every track that starts
with an x-position above one meter from the center or with a y-position above half of a meter
from the center of the x− y plane of BabyMIND. All selection conditions for reconstructed
tracks in this thesis are listed in table 4.1. These two conditions ensure that all the tracks that are
reconstructed originate inside the center part of BabyMIND, where the magnetic field has a −x

direction.
The comparison of all the true tracks generated in MC simulations and all the reconstructed

tracks after applying such conditions and the Bethe-Bloch muon-by-range algorithm is shown
in Fig. 4.9, which shows that for the range of momenta between 0 and 2000MeV/c, only 29.0%
of the true tracks are reconstructed after the veto process, with a peak at around 1500MeV/c.
With such results, a migration matrix on muon momentum between all the true tracks that were
reconstructed and their corresponding reconstructed tracks is created and shown in Fig. 4.10.

The matrix shows that the reconstructed momenta are proportional to the true momenta.
Examples of projections of all the reconstructed momenta within selected true momentum bin
is shown in Fig. 4.11. As the projection of the reconstructed momenta, unlike the reconstructed
momenta from pencil beams, are biased, a similar plot to Fig. 4.8 is constructed in Fig. 4.12,
but with the mode of the projections instead of the mean value to represent the migration matrix
better. The error bars used in Fig. 4.12 are asymmetric, with the root-mean-square (R.M.S.)
value for the reconstructed momenta in each true momentum bin below and above the peaks as
the bottom and top error bars respectively. The red line is the ideal case for reconstruction y = x,
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Figure 4.5: The migration matrix of the pencil beam without the incident angle and the magnetic
field.

Figure 4.6: The migration matrix of the pencil beam with the incident angle and the magnetic
field.



CHAPTER 4. NEUTRINO INTERACTIONS IN BABYMIND 69

Figure 4.7: The efficiency plot for the pencil beam without the incident angle and the magnetic
field (top) and with the incident angle and the magnetic field (bottom). The width of the data
dots represent the statistical uncertainties.
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Figure 4.8: The mean values of the reconstructed momentum for each of the true momenta,
with the error bars the standard deviations for reconstructed momentum from each of the true
momenta. The pencil beams without the incident angle and the magnetic field are at the top and
the beams with the 30◦ incident angle and the magnetic field are at the bottom.
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Selection conditions for reconstructed tracks remaining tracks
Relative x-position (mm) −1000 < x < 1000 76.8%
Relative y-position (mm) −500 < y < 500 42.6%

Scintillator plate indices for the first hit ≥ 2 33.4%
Number of tracks in an event 1 (the longest track) 29.0%

Table 4.1: Table of the selection conditions for reconstructed tracks. The scintillator plate in-
dices start at 1 (the first scintillator plate) and end at 18 (the last scintillator plate). The relative
positions are relative to the center of the x−y plane in BabyMIND. The percentage of remaining
tracks are cumulative when conditions are applied from the top to bottom in the table.

and it shows that the migration matrix is reasonable for true momentum between 400MeV/c
and 1700MeV/c, which agrees with the analysis on the pencil beam simulations, but has much
larger uncertainties than for the pencil beam simulations.

The migration matrix is a representation of the correlation of the momenta between the true
muon tracks and their corresponding reconstructions. After renormalizing the 40×40 matrix in
Fig. 4.10, each true momentum bin between 0 and 2000MeV/c can be written as a vector with
a dimension of 40. A matrix multiplication of the true momentum vector on the matrix results
in a reconstructed momentum vector with the same dimensions. As a result, to convert recon-
struction momentum vector back to true momentum vector, which is the goal of reconstructing
experimental data, the inverse of the migration matrix is necessary. However, the inverse of such
a complex, large matrix is not a trivial problem.

Although the ROOT package provides the Invert() function for matrix inversion, the zeros at
low reconstructed momentum in the matrix causes the matrix to be singular. Even if constraints
were applied and the zero values are vetoed out, the Invert() algorithm results in physically
impossible negative values in the matrix elements that causes negative values in the product
vector. As a result, a more sophisticated matrix inversion algorithm is necessary to be able to
unfold the true momenta from the reconstructed momenta. The package used to do the matrix
calculations is the RooUnfold package, a package designed for different unfolding algorithms
[64]. The unfolding process is the reverse process from the reconstructed information back to
the true information, given a trained example of the forward process.

The algorithm used in the thesis makes use of the iterative Bayes’ theorem by d’Agostini
[65]. The algorithm uses Bayes’ theorem, where,

P(Ci|E) =
P(E|Ci) ·P(Ci)

∑
nC
l=1 P(E|Cl) ·P(Cl)

. (4.2)

For the interest of this thesis, E is the reconstructed information or the observed information
in the experiment, and Ci is the true information. The Bayes’ algorithm utilizes equation 4.2
by first making an initial estimation on the expected number of events and the distribution for
the true information. While the true muon momenta and number of true tracks are known from
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Figure 4.9: A comparison of momenta with a range of 0− 2000MeV/c between all the true
tracks (blue) and their corresponding reconstructions using the Bethe-Bloch (BB) muon-by-
range algorithm (red) discussed in the text.

Figure 4.10: The migration matrix between true momenta from the muon tracks generated from
the CCQE neutrino interaction simulations that were reconstructed and the reconstructed mo-
menta from the reconstruction of these true tracks, with a bin size of 50MeV/c.
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Figure 4.11: Examples of the projections of the reconstructed momenta with a true momentum
range of 550−600MeV/c (left) and 650−700MeV/c (right).

Figure 4.12: The peak value of the reconstructed momentum for CCQE neutrino interactions in
the first three iron plates of BabyMIND, for each of the true muon momenta, with the error bars
below and above the data point being the root-mean-square (R.M.S.) below and above the peak
respectively.
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Figure 4.13: The unfolded momentum (blue) with the true momentum from MC simulations
(green) and the reconstructed momentum from BB calculations (red) for four (left) and ten
(right) iterations.

the MC simulations, the true momenta and number for tracks in experiment is unknown. As a
result, the initial estimations of the true momenta and number of tracks in the experiment are the
corresponding ones generated with the MC simulations, while the migration matrix acts as the
correlation factor between true and reconstructed tracks.

With the matrix, estimations can be made according to the correlations given by the matrix.
The result of the initial estimations will be the input to the next iteration, and a χ2 value between
the estimations and the actual data is calculated. The χ2 value decreases as the number of
iterations increases. As a result, the unfolding process on the MC reconstructed momentum is
performed to test the performance for different number of iterations. The comparison on results
between four and ten iterations is shown in Fig. 4.13. The number of true tracks is 708,446,
and the number of unfolded tracks is 708,486, a minor difference due to Bayes’ theorem being
a iterative process. However, for the momentum range of 0 to 2000MeV/c, the number of true
tracks and unfolded tracks are 672,959 and 708,244 respectively. As a result, while the total
number of the tracks are close when considering all the tracks, more tracks are unfolded towards
the 1200− 2000MeV/c range compared with the true track momentum distribution. This is
possibly caused by the reconstructed peak at 1500MeV/c, where the unfolding algorithm wants
to accommodate the peak caused by the tracks escaping BabyMIND.

Although the χ2 value for four iterations (χ2 = 2828) is larger than that for ten iterations
(χ2 = 2556), Fig. 4.13 shows that the unfolded momentum (blue) is further away from the true
momentum (green) at both the low and high energies. As the χ2 value is calculated bin-by-bin,
ignoring the correlations between the true and reconstructed momenta (the migration matrix),
the χ2 calculated by RooUnfold is not an accurate representation of the real χ2. For this reason,
in the following process of data analysis, only four iterations of the Bayes’ algorithm is used.
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4.4 Neutrino interactions in BabyMIND

The T2K experiment has a total of 11 runs of data to date, and the most recent long run is run
10, in which the data was collected between November 2019 and February 2020. Since the
Covid pandemic, a short run was held during March and April of 2021 as run 11. The number
of protons-on-target (POTs) for run 10 is 2.35× 1020, and the number of POTs for run 11 is
1.00× 1020. This thesis uses both the data collected in BabyMIND from run 10 and run 11 to
apply the BB reconstruction code, and the Bayes’ unfolding algorithm to obtain the estimated
true muon momenta for the right-sign and wrong sign muons from neutrino and antineutrino
CCQE interactions respectively.

The selection process of reconstructed tracks is the same as what is described in table 4.1,
where all the reconstructed tracks with hits in the first scintillator planes, and tracks that originate
at the outer ring of BabyMIND are vetoed out, and the fiducial volume selection of neutrino
interactions in the first three iron plates of BabyMIND is carried out, as shown in table 4.1.

After the veto and selection process, the muon tracks are separated into right-sign (µ−) and
wrong-sign (µ+) tracks, as the data collected in run 10 and 11 are under the forward-horn-
current (FHC) beam configuration. The separation can be carried out by the direction of motion
for the reconstructed tracks, with the right-sign tracks travelling downwards and the wrong-sign
travelling upwards due to the existence of the magnetic field in the iron plates. This is done by
looking at the position of the muons at the start and the end of the tracks. If the tracks have a
higher y-position when they stop compared to when they are generated, the tracks are determined
to be bending upward, and the opposite applies for the tracks bending downward.

The reconstructed momentum distribution for the right-sign and wrong-sign tracks are shown
in Fig. 4.14. The peak at 1400MeV/c is due to the limitation of the BB algorithm that all the
tracks that escapes from the back of BabyMIND are treated as stopping at the last scintillator
plate. Based on the reconstruction, the wrong-sign ratio (WSR) plot for the muon tracks gen-
erated in BabyMIND is generated in Fig. 4.15. The total WSR for a momentum range of 0 to
2000MeV/c is 3.73%, and the wrong-sign contamination is higher for higher energies (up to
18%).

With the right-sign and wrong-sign reconstructed momenta obtained, the estimated true mo-
menta for both of the samples can be unfolded. The reconstructed momenta in Fig. 4.14 has
been fed into the Bayes’ unfolding algorithm, and the estimated true muon momenta for right-
sign and wrong-sign are shown in Fig. 4.16, with the WSR plot from the unfolded momentum
shown in Fig. 4.17. The unfolded number of µ− tracks (right-sign) in 0−2000MeV/c is 31,789,
and the number of µ+ tracks (wrong-sign) is 1,227, giving the total WSR of 3.86% in this mo-
mentum range, with a higher WSR at high momentum of about 12%. The unfolded right-sign
momentum has a peak at 300MeV/c and the unfolded wrong-sign momentum has a peak at
400MeV/c.

Comparing the unfolded momentum with the true momentum generated by MC simulations,
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Figure 4.14: The reconstructed momenta for right-sign tracks (left) and wrong-sign tracks
(right).

Figure 4.15: The wrong-sign to right-sign ratio (WSR) plot for reconstructed momenta from
BabyMIND run 10 and run 11 data.
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Figure 4.16: The unfolded momenta for right-sign tracks (left) and wrong-sign tracks (right).
The error bars are generated by the unfolding algorithm and are statistical.

the position of the peak and the mean are both lower for the unfolded right-sign momentum,
suggesting that the unfolding process could still be improved. There are also some bumpy
features in the spectrum that could be the result of the neutrinos reconstructed around 1400
MeV/c, since these neutrinos escape the detector and are not well reconstructed. A truncation
below 1400 MeV/c would need to be carried out to remove neutrinos with a momentum that
cannot be reconstructed.
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Figure 4.17: The wrong-sign to right-sign ratio (WSR) plot for unfolded momenta from run 10
and run 11 data.



Chapter 5

Conclusions

This thesis summarises two studies that have been performed in the context of the T2K neutrino
oscillation experiment. While T2K has already been very successful, and discovered the appear-
ance of electron neutrinos from a muon-neutrino beam over a long baseline, to measure θ13 in
a long baseline experiment for the first time, and has been successful in showing hints of CP
violations from the comparison of neutrino and antineutrino oscillations, more data is required
to perform more significant measurements. An upgrade of the T2K detector and the beamline is
underway to improve such results.

One possibility as part of the upgrade of T2K, which could be useful for the Hyper-K ex-
periment as well, is to improve the neutrino target in the first horn, by adding a secondary target
to the end of the horn, in order to increase the right-sign neutrino flux and decrease the wrong-
sign flux. The first study of this thesis included simulations of the neutrino beam in T2K using
JNUBeam, with a modified geometry of the first magnetic horn in the secondary beamline of
T2K in the simulation. An extra target is inserted at the downstream end of the first magnetic
horn as a simulation for a potential future beamline upgrade in T2K. Extra targets of different
materials such as graphite, silicon carbide, boron carbide and titanium were tested for their effect
on increasing the right-sign neutrino flux yield and decreasing the wrong-sign contamination.
The suggestion from the simulation is that while titanium is the best performing material for the
extra target at the downstream end, other physical properties, such as its thermal performance
and radiation hardness, may prevent the use of titanium as an optimal material for the target.

Meanwhile, silicon carbide performs better than all other materials considered, excluding
titanium. Combining with the fact that silicon carbide is a well-understood target material with
great resistance to heat, it is the optimal material to use as the new target for the upgrade. This
thesis also investigated the effect of materials with similar atomic mass but with varying density,
and materials with similar densities with different atomic mass. Results show that decreasing
the density of a material normally results in worse performances than the unmodified material.
Simulations with a simple support structure for the target were also performed, and shows that
the materials used to build the support structure should be as light and unobstrusive as possible,
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as the existence of the extra support decreases the performance of the neutrino beam.
This thesis also reports on the Monte-Carlo simulations, the reconstruction algorithms and

the unfolding algorithms of neutrino events in the BabyMIND detector. Monte-Carlo simula-
tions were carried out with various pencil beam configurations and with the official T2K neutrino
beam flux generated using the JNUBeam neutrino beam simulation package and the interactions
simulated in BabyMIND using the NEUT neutrino event generator. The true momenta of the
muon tracks from the neutrino interactions with the iron nuclei in the BabyMIND iron plates are
extracted and muon momentum reconstruction by range is performed on the true tracks for both
pencil beams and T2K flux data using the Bethe-Bloch equation and knowledge of the material
inside BabyMIND. The reconstructed results from pencil beams validate the effectiveness of the
Bethe-Bloch reconstruction algorithm, and the reconstructed results from the Monte-Carlo sim-
ulation of the T2K flux provide a basis for the unfolding of the run 10 and run 11 data recorded
from BabyMIND between 2019 and 2021.

The migration matrix from the reconstructed momenta from the simulation acts as the corre-
lation factor for the algorithm, as the basis for an iterative algorithm that utilises Bayes’ theorem
to initially guess and improve agreement between the reconstructed and the true unfolded muon
momenta. Only four iterations are required in the unfolding process to achieve good agreement,
and the wrong-sign ratio (the ratio of muon antineutrino to muon neutrino events) for both the
reconstructed momentum and the unfolded momentum for experimental data is retrieved, with
ratios of 3.73% and 3.86% respectively, between the range of 0 and 2000MeV/c.

These algorithms, and further developments, can be carried out in the future to extract neu-
trino and antineutrino cross-sections in BabyMIND, by carrying out the reconstruction and un-
folding of muon tracks. The method of unfolding may also be optimized with a more sophisti-
cated treatment of the singular regions below 300MeV/c and above 1400MeV/c. Furthermore,
another future development could include developing an algorithm to reconstruct charged tracks
in BabyMIND by using the curvature of the tracks in the magnetic fields in the iron plates of
BabyMIND. This could be used to perform a comparison between the two track momentum
reconstruction methods, by range and by curvature, and to extend the range of momenta that can
be measured at high momenta, beyond the capabilities of the muon reconstruction by range in
BabyMIND.



Appendix A

Derivation of the CCQE muon neutrino
energy formalism

To derive the formalism displayed in equation 1.25, a simple two-body interaction is considered
between νµ and neutron, denoted N in this case. A Feynman diagram of the interaction, and the
interaction in general for a two-body system involving a lepton and a neutron is demonstrated in
Fig. 1.2. The product of such interaction is a muon, µ , and a proton, p. As the momentum and
energy is conserved before and after the interaction, a set of two equations can be constructed:

Eν +EN = Eµ +Ep, (A.1)

pν +pN = pµ +pp. (A.2)

Since E2 = |p|2 +m2 with relativistic units, it is possible to express pp as follows:

|pp|2 = (pν +pN−pµ)
2

= |pν |2 + |pN |2 + |pµ |2−2pν ·pµ +2pν ·pN−2pN ·pµ .
(A.3)

Assuming that the neutrino mass can be neglected, |pν |= Eν , and thus with the fact that a ·b =

|a||b|cosθ , where θ is the angle between the vector a and b, equation A.3 becomes:

|pp|2 = E2
ν + |pN |2 + |pµ |2−2Eν |pµ |cosθµ +2Eν |pN |cosθN−2pN ·pµ . (A.4)

The angle θµ is the angle between the direction of motion of νµ and the direction of motion of
the muon, and the same applies to the angle θN with νµ and the neutron. By rearranging and
squaring equation A.1, the equation becomes:

|pp|2 = (Eν +EN−Eµ)−m2
p

= E2
ν +E2

N +E2
µ −2EνEµ +2EνEN−2ENEµ −m2

p.
(A.5)
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Eν can now be solved by substituting equation A.5 into equation A.4 and rearranging:

2Eν(EN−Eµ + |pµ |cosθµ −|pN |cosθN) = m2
P−m2

µ −E2
N +2EµEN−2pµ ·pN + |pN |2,

Eν =
m2

P−m2
µ −E2

N +2EµEN−2pµ ·pN + |pN |2

2(EN−Eµ + |pµ |cosθµ −|pN |cosθN)
.

(A.6)

Thus the equation 1.25 is obtained.
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