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Abstract

Abstract

The Chips (CHerenkov detectors In mine PitS) detector was a large-scale water
Cherenkov (wc) long baseline neutrino detector located in northern Minnesota. It
was located 7 mrad off-axis, 712 km downstream from the Numi neutrino source at
Fermi National Accelerator Laboratory and with a fiducial detector mass of 5.9 kt.
Chips was a research and development project aiming to demonstrate a reduction
in the cost of construction of a wc neutrino detector to $200k-$300k per kt. Chips
was constructed and deployed in 2019. The design, construction and deployment
procedure of Chips are discussed.

Chips utilised photomultiplier tubes and pre-existing readout electronics for
instrumentation. A new low-cost set of readout electronics and its associated daq
system was developed as a successor to the existing Chips electronics. Its design is
presented here.

A muon neutrino beam from an accelerator directed through the Earth produces
a continuous flux of muons along the beamline due to the neutrino interactions
with the rock. A technique is proposed to monitor the energy profile of such a
neutrino beam by measuring the neutrino flux through the Earth using a small
portable detector with a magnetic deflector. The study shows that as the off-axis
angle changes, information about the kaon content of the parent hadron beam can
be inferred using existing detector technologies.
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Impact Statement

Impact Statement

As high energy physics continues to advance and increase in scale, scope and com-
plexity, the difficulties associated with subatomic particle physics - such as resources,
time and financial backing - arise. Research also slows and becomes less accessible.

The Chips experiment has demonstrated that neutrino detectors could be con-
structed at a lower cost and in a shorter timescale than is the case with existing
experiments.

In addition, the obvious impact of this work, on top of the potential to further
our understanding of neutrino physics, is to increase the repeatability of experiments
involving neutrinos. It would usually be feasible to construct only one or two exper-
iments using cutting-edge detectors, but by using the Chips methodology, several
experiments could be constructed and used together. This would lead to repeatabil-
ity and more precise measurements and therefore make the scientific method more
robust.

Outside of academia, the work presented is relevant as a contribution to the foun-
dation of knowledge about neutrino physics. In the long term, this may contribute
to advances in technology as well as advances in science that add to the benefit and
well-being of humanity. The way in which the research has been conducted also
demonstrates that research can be performed in a socially and financially responsi-
ble way. This frees resources for other projects and demonstrates that high-quality,
cutting-edge physics can be conducted for relatively small sums.

Finally, the techniques proposed for monitoring neutrino beams and utilising
neutrino interactions in the Earth increases the usefulness of existing neutrino beam-
lines. The uncertainties in the composition of the neutrino beam could be reduced by
using the rock muon flux to gather additional data about the beam. This improves
the quality of existing research by reducing uncertainties. Also, every neutrino pro-
duced has an associated cost - not just in money but in environmental impact and
human labour. Improving the value of each neutrino already produced and recording
interactions that would otherwise be wasted improves the value of existing neutrino
beams. This also applies to the Chips experiment as a whole.
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1. Introduction

Chapter 1

Introduction

In 1956, Chien-Shiung Wu tested the parity conservation of the weak interaction

[1]. A � -decaying source of60Co was used to create electrons and electron antineu-

trinos. As � decay is mediatedonly by the weak interaction, � -decay is suitable for

testing parity violation of the weak interaction in isolation. The spins in the60Co

atoms were aligned using a strong magnetic �eld and intense cooling to maintain

the strongly polarised state. 60Co decays into60Ni and emits an electron and an

electron antineutrino (shown in Equation 1.1).

60Co ! 60Ni + e+ �� e (1.1)

60Co has a spin of 5 and60Ni has a spin of 4, and the electron and electron antineu-

trino have spins of1=2; thus spin is conserved.

Wu observed that electrons were emitted preferentially in the direction opposite

to their spin (negative helicityor left-handed) and, by conservation of momentum,

the antineutrinos must have been emitted preferentially in the direction of their spin

(positive helicity or right-handed).

The spin vectors and magnetic �eld vector are axial and do not change direction

under a parity transformation. However, the momentum vector of the resultant elec-

tron does change direction under a parity transformation and therefore so does the

overall helicity. If both left-handed and right-handed neutrinos existed, the neutrino

would not prefer a particular direction with respect to the original spin vector and

the electrons would have been been emitted isotropically. If neutrinos had a single

handedness, the neutrino would prefer a single direction with respect to the original

spin vector and an anisotropic electron distribution would be observed. This would

be in violation of parity symmetry. Wu's experiment provided the �rst evidence

of parity violation in the weak interaction and that neutrinos are right-handed and

antineutrinos are left-handed. This result was corroborated by Goldhaber in 1957

[2] by measuring only neutrinos with left-handed helicity.

In summary, it can be inferred from experiments that the weak interaction only

produces left-handed neutrinos and right-handed antineutrinos.
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In 1968, the Homestake experiment observed a de�cit of electron neutrinos from

the Sun [3]. This won Raymond Davis Jr. the 2002 Nobel Prize in Physics for the

�rst direct observation of neutrinos produced by the sun [4]. This turned out to

provide the �rst experimental evidence of neutrino �avour oscillation - a process

that can only occur if neutrinos have mass. Follow up experiments investigated the

phenomenon and in 2015 the Nobel Prize in Physics [5] was awarded to Arthur B.

McDonald of the Sudbury Neutrino Observatory [6] and to Takaaki Kajita of the

Super-Kamiokande Neutrino Detection Experiment [7] for the discovery of neutrino

oscillations.

In the Standard Model, the Yukawa coupling and the Higgs mechanism may be

used to generate the masses of fermions [8] [9] [10]. The mass term in the Dirac

Lagrangian can be expressed as the sum of the chiral states [10], shown in Equation

[11] 1.2.

� m �  = � m�e
� 1
2

�
1 � 
 5

�
+

1
2

�
1 � 
 5

� �

e

= � m�e
� 1
2

�
1 � 
 5

�
eL +

1
2

�
1 � 
 5

�
eR

�

= � m (�eReL + �eL eR)

(1.2)

where L and R represent left-handed and right-handed components respectively.

This requires that either neutrinos are left-handed and no mass is generated through

this processor there are right-handed neutrinos and neutrinos may gain mass. This

mechanism would be the `traditional' method of neutrinos acquiring mass as it is

the same mechanism used for the other fermions.

As no right-handed neutrinos have been observed and other methods of gener-

ating neutrino mass have not been experimentally veri�ed (such as, amongst other

theories, Majorana neutrinos and the Seesaw mechanism [12] [13]), research is ongo-

ing with a heavy emphasis on measuring the neutrino mass di�erences and oscillation

parameters using long baseline neutrino experiments such as theMinos and No va

experiments [14] [15].

An overview of this thesis and my speci�c contributions are as follows.Chips is a

small collaboration and accordingly each collaborator does a larger, more generalised

proportion of the work than is usual in particle physics.

ˆ Chapters 2 and 3 motivate the theory and experimental techniques for long

baseline neutrino experiments and theChips experiment.

ˆ Chapter 4 details the design, construction and deployment process of the

Chips detector. I was personally involved with many aspects of the design

and almost every facet of the construction and deployment process. This the-

sis details my contribution to the construction process. I also operated and

monitored the Madison section of the detector before its decommissioning. I
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1. Introduction

then contributed to the e�ort to recover the detector.

ˆ Chapter 5 details the development of electronics anddaq systems for future

detectors. I designed, manufactured and tested the electronics and played a

leading role in the overall direction of the project. Also, I was involved in most

aspects of the software architecture, testing process and calibration.

ˆ Chapter 6 describes a technique for monitoring the pro�le of a neutrino beam

by measuring the muon �ux in rock. Signi�cant portions of the simulation were

written by me with Chips collaborators completing the rest. The sensitivity

study conducted using the code is my original work.

ˆ Chapter 7 summarises and re�ects upon the research presented in this thesis.

Overall, the three distinct components of my contribution represent three di�er-

ent stages in the life cycle of experimental particle physics:

1. Studies to see if e�ects are visible using a speci�c detector technique � a vital

prerequisite before experiments can be conceived and developed. A physics

phenomenon may cause an e�ect which may or may not be detectable; stud-

ies need to ascertain if an e�ect can be observed and measured and if any

conclusions could be drawn from such measurements.

2. Designing and testing instrumentation at a small scale and preparingdaq

systems. This has to be done before experiments can be performed at full-

scale.

3. Designing, constructing and deploying (and decommissioning) large-scale de-

tectors.
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2. Neutrino Oscillations

Chapter 2

Neutrino Oscillations

2.1 Neutrino Mixing

Neutrinos interact according to the weak interaction under their three �avour eigen-

states j� � i , � = e; �; � . However, neutrinos can also be de�ned in terms of three

mass eigenstatesj� i i , i = 1; 2; 3. However, there is not a direct one-to-one mapping

between �avour and mass eigenstates. Instead, the �avour and mass eigenstates are

linear combinations of each other:

j� � i =
3X

i =1

U�
�i j� i i (2.1)

j� i i =
3X

� = e;�;�
U�i j� � i (2.2)

where the coe�cients U are elements in the unitary mixing matrix.

The conditions:

h� i j� j i = � ij (2.3)

h� � j� � i = � �� (2.4)

are enforced. If one set of neutrino basis states is required to be orthonormal and

the coe�cients of the matrix U are required to be unitary, then as a consequence

the second set of neutrino basis states is also orthonormal.

Neutrinos, despite being observed in terms of the �avour eigenstates, propagate

as a combination of the mass eigenstates. This means that the speci�c combination

of mass eigenstates evolves as a neutrino travels and therefore the probability of

measuring a given �avour of neutrino also changes with time or distance.

The neutrino mass eigenstates evolve in time according to the Time Dependent

Schrödinger Equation with energy eigenvalues. Hence the time evolution of the

�avour eigenstates can be expressed in terms of evolving mass eigenstates.

j� i (t)i = e � iE i t j� i i (2.5)
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2. Neutrino Oscillations

j� � (t)i =
3X

i =1

U�
�i e� iE i t j� i i (2.6)

Combining 2.6 and 2.2 gives the time evolution of �avour states in terms of the

initial �avour eigenstate.

j� � (t)i =
3X

� = e;�;�

 3X

i =1

U�
�i e� iE i tU�i

!

j� � i (2.7)

In natural units, using the relativistic limit and the binomial approximation, the

energy of a given mass eigenstate is given by

E i = E � +
m2

i

2E �
(2.8)

and the di�erence between two mass eigenstates becomes

E i � E j �
� m2

ij

2E �
(2.9)

where

� m2
ij = m2

i � m2
j (2.10)

is the mass-squared di�erence between two mass eigenstates.

Finally, in natural units, as neutrinos are travelling at almost the speed of light,

the time a neutrino is travelling t can be approximated to the distance travelledL

(the baseline). Therefore a transition probability can be constructed:

P� � ! � � = jh� � j� � (t)ij 2 =
3X

i;j =1

U�
�i U�i U�j U�

�j e� i
� m 2

ij L

2E � (2.11)

This presents the probability of a neutrino oscillating between measurable �avour

states in terms of two variables: the neutrino energy and the distance travelled. Fur-

thermore, the oscillation probability depends on a number of fundamental constants:

the neutrino mass eigenstate values and the parameters of the mixing matrix. This

means neutrino oscillation experiments can be used to measure the mixing parame-

ters and probe the neutrino masses [16]. Note, however, that oscillation experiments

are sensitive to the di�erence of the mass eigenstates squared and not the absolute

values. To directly measure neutrino masses other experimental techniques are re-

quired [17]. Although this formalism is described in terms of three mass eigenstates

and three �avour eigenstates, neutrino mixing can be generalised for an arbitrary

number of neutrinos.
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2.1. Neutrino Mixing

2.1.1 Two Flavour Vacuum Oscillations

It is simpler to express neutrino oscillations if there are only two �avours and there

is no medium for the neutrinos to interact with as they propagate. The orthonormal

unitary mixing matrix ( U) is represented as a rotation with mixing parameter� and

the di�erence in mass between the two mass eigenstates is given by� m2.

U =

0

@
Ue1 Ue2

U� 1 U� 2

1

A (2.12)

0

@
j� ei

j� � i

1

A =

0

@
cos(� ) sin(� )

� sin(� ) cos(� )

1

A

0

@
j� 1i

j� 2i

1

A (2.13)

The transition probability between the two �avour states is:

P(� � ! � e) =
1
2

sin2(2� )

"

1 � cos

 
� m2L

2E

!#

= sin2(2� ) sin2

 
� m2L

4E

!

(2.14)

in natural units. In units of km for the baselineL, units of eV for the mass-squared

di�erence � m2 and units ofGeV for the neutrino energyE, the transition probability

[18] becomes

P(� � ! � e) = sin 2(2� ) sin2

 

1:27
� m2L

4E

!

(2.15)

which is suitable for estimating muon-electron neutrino oscillations in neutrino

beams.

2.1.2 The Matter E�ect and Three Flavour Oscillations

For the full treatment of three-�avour neutrino oscillations, the �avour and mass

eigenstates are related by:

0
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j� ei
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C
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=
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(2.16)

where the 3 � 3 mixing matrix is the Pontecorvo-Maki-Nakagama-Sakata (pmns)

matrix [19] [20]. Thepmns matrix can be expressed in terms of three mixing angles

� 12, � 23, � 13 and a complex charge-parity (cp) violating phase � (Equation 2.17).

This assumes neutrinos are Dirac particles. If Neutrinos are Majorana particles,

two more phases are required [21].

Upmns =

0

B
B
B
@

c12 s12 0

� s12 c12 0

0 0 1
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C
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0
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(2.17)
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2. Neutrino Oscillations
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Figure 2.1: Neutrinos scattering in matter. All neutrinos can undergonc scatter-
ing. Only electron neutrinos can undergo coherent forward scattering in electronic
matter.

The pmns matrix can be represented as:

Upmns =

0

B
B
B
@

c12c13 s12c13 s13e� i�

� s12c23 � c12s23s13ei� c12c23 � s12s23s13ei� s23c13

s12s23 � c12c23s13ei� � c12s23 � s12c23s13ei� c23c13

1

C
C
C
A

(2.18)

wheresij = sin( � ij ) and cij = cos(� ij ).

So far, neutrino oscillations have been presented as neutrino �avour mixing as a

neutrino travels without interacting with a medium. In reality, neutrinos can interact

with a medium: for example, rock in a beamline experiment. Since matter contains

electrons, electron neutrinos have an additional interaction channel compared with

muon or tau neutrinos. Neutrinos of all �avours can undergo neutral current (nc )

coherent forward scattering (shown in Figure 2.1a) whereas only electron neutrinos

can undergo charge current (cc ) coherent forward scattering (shown in Figure 2.1b).

The nc interaction a�ects all neutrinos in the same way whereas thecc � e inter-

action a�ects only electron neutrinos. Electron neutrinos and electron antineutrinos

are also a�ected di�erently as the universe is biased towards containing matter.

This can enhance an experiment's sensitivity to thecp � CP violating phase in the

pmns matrix. The matter e�ect can be treated as a perturbation in the Hamiltonian

modifying the e�ective mass of the neutrino as it propagates. This is known as the

matter e�ect or alternatively the Mikheyev-Smirnov-Wolfenstein (msw) e�ect [22]

[23].

The matter e�ect and the full three-�avour treatment of neutrino oscillations

can be combined to give a robust set of oscillation probability equations. Particu-

larly useful is the P(� � �! � e) oscillation probability (Equation 2.19) for beamline

neutrino experiments as the neutrino beams are muon neutrinos which are directed

through the Earth. P(� � �! � e) is sensitive to� CP as the electron neutrinos experi-
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2.1. Neutrino Mixing

ence the matter e�ect.

P(� � �! � e) = sin 2(� 23) sin2(2� 13)
sin2(�(1 � A)

(1 � A)2)

+ � ~J cos(� � � CP )
sin(� A)

A
sin(�(1 � A))

1 � A

+ � 2 cos2(� 23) sin2(2� 12)
sin2(� A)

a2

(2.19)

Where A =
2
p

2GF NeE
� m2

31
, ~J = cos(� 13) sin(2� 13) sin(2� 12) sin(2� 23), � = � m2

31 L
4E and

� = � m2
21

� m2
32

. GF is the Fermi coupling constant andNe is the electron density in

matter. The � symbol represents the neutrino (+) and antineutrino (-) [24].

This equation, in the absence of unexpected extra neutrino �avours, describes

accurately neutrino oscillations through matter.

Long baseline neutrino experiments such asChips specialise in measuring� 23

and � CP .
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3. Neutrino Interactions

Chapter 3

Neutrino Interactions

3.1 The Weak Interaction

In the standard model, neutrinos only undergo the weak interaction (and gravita-

tion). The weak interaction is mediated by theW � bosons (80:379� 0:012 GeV)

and the Z 0 boson mass (91:1876� 0:0021 GeV) [25]. The high masses of theW �

and Z 0 reduce the strength of the weak force due to a1=Mboson dependency; hence

the name `weak force' [26] [11].

Z 0 mediatesneutral current (nc ) events - where an unchargedZ 0 is exchanged

- for example, neutrino scattering. Therefore, no charged particles can be produced

making the nc interactions di�cult to observe. W � bosons mediatecharged current

(cc ) events. For example with beta decay, where aW � boson is exchanged and an

electron with its complementary electron antineutrino is produced, the electron can

be easily observed in detectors. Examples ofnc and cc interactions can be seen in

Figure 3.1.

Neutrino interactions in matter vary depending on whether acc or nc inter-

action is taking place and the energy of the incoming neutrino. As the neutrino

energy increases, di�erent categories of interaction can take place. The energy re-

Z 0

� e � e

e�e�

(a) nc

W �

� � � �

ud

(b) cc

Figure 3.1: Examples ofnc and cc neutrino interactions. The nc interaction:
the exchange ofZ 0 during neutrino-electron scattering. Thecc interaction: a � �

interacts with a neutron in a nucleus exchanging aW � to give a � and a proton.
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3.1. The Weak Interaction

gion of Chips is 1 GeV to 10 GeVwhere there are �ve main categories of interaction

[27] which are given below.

3.1.1 Neutral Current Elastic Scattering

Beginning at the lowest energies, under1 GeV, nc elastic scattering (es) involves

the scattering of a neutrino o� a nucleon. Mediated by the Z boson, no charged

lepton is produced so no information about the neutrino's �avour can be discerned

[28].

3.1.2 Charged Current Quasi-Elastic Scattering

Also dominating at the 1 GeV level is cc quasi-elastic scattering (qe). A neutrino

scatters o� a neutron to give a lepton and proton. (For an antineutrino scattering

o� a proton, a neutron and antilepton are produced.) The need to create the mass

of the lepton causes this type of interaction to be known as a quasielastic interaction

[29] [30].

3.1.3 Resonant Pion Production

After the qes region, resonant pion production (rpp ) dominates in the 1 GeV -

2 GeV region. In rpp , the neutrino interacts with a nucleon to form a resonant

excited state such as a delta resonance which then de-excites and produces a pion

[29].

3.1.4 Deep Inelastic Scattering

Deep inelastic scattering (dis) dominates interactions for neutrinos over3 GeV in

energy. The neutrino has enough energy to probe inside a nucleon into the individual

quarks. A quark is ejected from the nucleus which initiates a hadronic shower that

can be detected.

3.1.5 Coherent Pion Scattering

Coherent pion scattering (cps, also known as coherent forward scattering,cfs )

dominates low-momentum transfer interactions. A neutrino scatters o� a nucleus

and produces a pion in the forward direction. Very little momentum is transferred

to the nucleon [31] [32].

3.1.6 Meson exchange current

When investigating the interactions of neutrinos with a nucleus, it is incorrect to as-

sume that all nucleons are moving independently from each other. Standard models
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3. Neutrino Interactions

W �
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p n

p p

Figure 3.2: An example ofmec where a muon neutrino interacts with a proton in a
nucleus to produce a muon and neutron. The two protons are correlated through the
exchange of a� 0 leading to both resultant nucleons being ejected from the nucleus.

assume that all nucleons are independent but experimental data shows that this is

not the case and nucleons may act in acorrelated fashion - there may be a nucleus

substructure. This advanced behaviour may be handled through more sophisticated

modelling. A common model used is meson exchange current (mec). In mec, pairs

of nucleons may be correlated - the two nucleons exchange a virtual meson (hence

the name), a� 0 for example. A neutrino interacts with one of the nucleons through

the exchange of a W boson, which gives rise to the complimentary lepton. In the

process,both nucleons are ejected from the nucleus: two particles are ejected leaving

two holes, which gives this process the alternative name 2p2h). An example of this

process can be seen in Figure 3.2. [33] [34] [35].

3.2 Measuring Neutrinos

Nc neutrino interactions do not produce a charged particle that leaves evidence

of the neutrino's �avour. So, for neutrino oscillation experiments,cc interactions

are used to detect neutrinos and infer the �avour. One technique used in neutrino

oscillation experiments is measuring Cherenkov light.

3.2.1 Cherenkov Light

When a charged particle travels through a dielectric medium, the molecules become

polarised - electrons are induced into an excited state. After the charged particle

has passed, the medium de-excites which causes the emission of photons. The light

is emitted isotropically. If the charged particle is travelling faster than the speed

of light through the medium, the light constructively interferes to give a pattern in

the shape of a cone expanding in the direction the particles travel (shown in Figure

3.3). This is analogous to the bow wave of a ship moving fast through water.

32



3.2. Measuring Neutrinos

� c

Figure 3.3: A charged particle (denoted by the red line) travelling through a medium
faster than the speed of light through the medium. The black circles show the
expanding spheres of light that are emitted as the charged particle passes. The
spheres expand and interfere to form the characteristic cone of Cherenkov light.
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� c

�ct

ct
n

Figure 3.4: Construction showing the distances a charged particle and its Cherenkov
light can travel; this gives the Cherenkov angle.

The shape of the cone is parameterised by the angle� which is dependent on the

refractive index of the mediumn and the speed of the charged particlev.

De�ning

� =
v
c

(3.1)

the particle's velocity can be written as

v = �c (3.2)

The speed of light through a medium is given by

cmedium =
cvacuum

n
(3.3)

Therefore, the following construction can be created using the distance the par-

ticle travels and the distance the emitted light travels as time progresses (shown in

Figure 3.4).

cos(� ) =
1

n�
(3.4)

This gives rise to a characteristic `ring' shape that can be projected onto a �at

surface along the length of the cone. Reconstructing the image of the ring allows the

direction of the charged particle to be reconstructed. The total number of photons

and their wavelengths are related to the velocity of the particle.

The number of photons emitted per unit distance travelledx and per unit wave-

length � is given by [25]

d2N
d�dx

=
2��z 2

� 2

 

1 �
1

1 � � 2n2(� )

!

; (3.5)

which in terms of the Cherenkov angle is

d2N
d�dx

=
2��z 2

� 2
sin2(� c); (3.6)
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3.3. Neutrino Production

Figure 3.5: The internal structure of apmt showing the photocathode, the chain of
dynodes and the readout anode [36].

where� is the �ne structure constant andze is the charge of the particle. The inter-

action medium for Chips was water, a common medium for Cherenkov detectors.

Water has a refractive index of 1.33 which gives the Cherenkov angle as 41.2°.

3.2.2 Photomultiplier Tubes

Chips usespmt s to measure Cherenkov light produced by neutrino interactions.

Pmt s are analogue instruments that produce an electrical signal when exposed

to light. They are sensitive to single photons.Pmt s consist of a photocathode - a

negatively charged material which liberates an electron when struck by a photon -

and a series of dynodes. When an electron is released, the electron is accelerated

towards the �rst dynode and upon impact releases more electrons. These electrons

are accelerated at the second dynode. This pattern continues causing an avalanche

of electrons which eventually reaches the anode. Measuring the current of electrons

at the anode indicates the arrival time and the number of photons that struck the

photocathode. A diagram of the operation of apmt can be seen in Figure 3.5.

An example of apmt detailing the dynode staging can be see in Figure 3.6.

Typically, pmt s are sensitive to light of approximately400 nmto 700 nmin wave-

length. This translates into approximately 210 photons/cm in a water Cherenkov

detector, using Equation 3.6.

3.3 Neutrino Production

It has been shown that the neutrino oscillation probability is dependent on the

neutrino baselineL=E. Furthermore, as neutrinos have a very small interaction cross

section, an intense �ux of neutrinos is required to observe a signi�cant number of

interactions. Therefore it is useful, when trying to measure the neutrino oscillation
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Figure 3.6: The internal dynode structure of apmt . The �rst dynode is at the
front covered by a copper mesh and the chain of dynodes can be seen behind in an
alternating ladder arrangement.

parameters, to have a very high neutrino �ux and a baseline and energy which

are tuned to maximise the expected neutrino oscillation probabilities. A neutrino

beam provides a guaranteed source of neutrinos (with a high neutrino �ux) that is

potentially tuneable for oscillation experiments.

3.3.1 Neutrino Beams

All neutrino beams generate neutrinos using the same principles. Di�erent neutrino

beams have di�erent optimisations and uncertainties but the basic concept remains

the same [37] [38]. The Neutrinos at the Main Injector (Numi) beam is the most

powerful neutrino beam in the world [39]. TheNumi beam acts as the beam source

for the Chips detector. Located at Fermilab, Illinos, the beam is aimed north-west

through the Earth such that the beam emerges at the Soudan Mine in northern

Minnesota.

The Numi beam consists of a120 GeVproton source which is �red at a graphite

target to create a source of pions and kaons. The protons are delivered in `spills'

- bunches of protons10� s wide delivered at 1:33 s intervals. Each spill delivers

approximately 1013 protons-on-target (pot s).

Neutrinos cannot be directly focused but their parent hadrons can be focused

to form a narrower cone of neutrinos. The charged pions and kaons are focused

by a pair of electromagnetic horns. Changing the polarity of the focusing horns

will either focus positive particles and de-focus negative particles (known asforward

horn current) or focus negative particles and de-focus positive particles (known

as reverse horn current). This allows a beam of neutrinos or antineutrinos to be

toggled. Particles which are not parallel to the magnetic �eld axis receive a smaller

Lorentz boost which leads to lower energies o� the beam axis.

The pions and kaons travel through a675 m decay pipe where they decay into
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muon neutrinos (shown in Equations 3.7 and 3.8 for a neutrino beam).

� + ! � + + � � (3.7)

K + ! � + + � � (3.8)

The branching ratio of a pion decaying into a muon and a muon neutrino is99:99%

and the branching ratio of a kaon decaying directly into a muon and a muon neutrino

is 63:56%. The next two dominant kaon decays are

K + ! � 0 + e+ + � e (3.9)

K + ! � 0 + � + + � � (3.10)

with branching ratios of 5:07% and 3:35% respectively [25]. These are sources of

an intrinsic electron-neutrino component of the beam. The muons produced in

the decay pipe may decay into electrons and electron neutrinos which contribute

to an unavoidable electron neutrino contamination in the beam. The di�erence in

probability between Equation 3.7 and Equation 3.8 is because kaons have additional

decay channels available. The mass of a kaon is large enough that kaons can decay

into pions (the lightest mesons) on top of the direct decay into a muon and neutrino

with no other particles. The production of positrons is heavily suppressed in the

cases shown in Equations 3.7 and 3.8 compared with the case of Equation 3.10

because the former are two-body decays whereas the latter is a three-body decay;

there is more phase space available for the electrons to have a lower momentum

to avoid suppression by helicity in the three-body decay as the extra pion carries

momentum. The three-body decay also results in a wider variety of neutrino energies

as the pion also carries momentum from the parent kaon [10].

At the end of the decay pipe there are hadron absorbers to catch any un-decayed

particles and muons; the neutrinos pass through into the Earth's rock. The muons

are absorbed and the neutrino beam is complete. A diagram of theNumi beam can

be seen in Figure 3.7.

The Numi beam has had several di�erent con�gurations so the precise speci�-

cations of the beam have evolved over time and di�erent detectors receive di�erent

�ux spectra.

When in `low energy' forward horn current con�guration at the Minos near

detector, theNumi beam is92:8%� � , 5:8% �� � and 1:3%� e & �� e. The � � contribution

was produced though87%� + decay and13%K + decay. K 0 and � decay contribute

negligible fractions to� � but are signi�cant in the production of � e) [40]. There is

an approximate10%uncertainty on the ratio of � + =K + [41].

For the o�-axis experiment, No va, the Numi beam energy was increased to

`medium energy' levels. The energy peak in theMinos near detector increased from
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Figure 3.7: A representative diagram of theNumi beam facility. Protons from the
main injector strike a graphite target. The resulting pions and kaons are focused
and decay to give muons and muon neutrinos. The muons are absorbed and the
neutrinos continue towards particle physics experiments [39].

3 GeV to 7 GeV [42]. This energy was chosen because theNo va far detector, which

is located14:6 mrad o�-axis and 810 km away from the proton target [43], receives

neutrino energies at2 GeV, close to1:6 GeV - the oscillation maxima energy for the

baseline [44] [45]. The energy spectra of theNumi beam for di�erent energy levels

can be seen in Figure 3.8. In medium energy forward horn current con�guration,

the Numi beam consists of 96.9%� � , 1.9% �� � and 1.2%� e & �� e at the Minos near

detector [14].

O�-axis, the neutrino beam energy spectrum narrows as the angle from the axis

increases. This allows a speci�c energy region to be selected close to the oscillation

maximum and also reduces the high energy neutrino backgrounds, chie�ync feed-

down. O�-axis, the relative number of neutrinos at higher energies produced from

kaons increases. An example of an o�-axis neutrino experiment isNo va; the near

detector neutrino energy spectrum can be seen in Figure 3.9. LikeNo va, Chips

was an experiment in the path of theNumi beam but while No va was 14:6 mrad

o�-axis, Chips was7 mrad so the o�-axis principle applied to both. The full o�-axis

e�ect can be seen in Appendix A [46].

A contributing source of neutrino �ux uncertainty is the fraction of kaons in the

parent hadron beam. Rather than attempting to distinguish between the type of

hadron (pion or kaon) that is produced in the target and then recording them dur-

ing beam operations (this is impossible to do), neutrino experiments use data from

other external experiments to model the beam and target response. Proton beams

are used to bombard targets and detect the hadrons produced and� + and K + so

that the interaction cross sections can be measured [47] [48]. BothNo va and Mi-

nos use neutrino �ux data from their respective near detectors in conjunction with

hadron measurements from dedicated experiments to tune Monte-Carlo simulations

to model the Numi beam. However, this technique introduces uncertainties due to

the energy range of the hadron measurements not spanning the entire energy range

of the Numi beam and variations in the graphite target geometry. Furthermore,

even less is known about the hadron yields in reverse horn current con�guration.
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Figure 3.8: The �ux of neutrinos at the Minos near detector [42]. The solid line
corresponds to a low energy neutrino beam, the dashed line corresponds to a medium
energy neutrino beam and the dotted line corresponds to a high energy neutrino
beam.
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Figure 3.9: A simulation of theNo va neutrino energy spectrum due to kaons and
pions. The o�-axis e�ect causes the peak energy peak to be lower but narrowed.

Because the fraction of neutrinos produced by kaons increases as the o�-axis

angle increases and energy increases, the uncertainty in the kaon content of the

beam becomes increasingly important. In practical terms, there are two reasons why.

Firstly, because the kaon component contributes� e events even at oscillation energy

levels [49] which need to be modelled and accounted for. Secondly, high energy

nc events will feed-down to lower energies and masquerade as signal events when

they are in fact background events [50] [51] �nc scattering is di�cult to distinguish

from electron neutrino events causing electromagnetic showers [52]. Although this

e�ect is reduced by a narrower neutrino energy spectrum, it is still important to

understand.

Initially, in the No va experiment, the total hadron uncertainty was 21%, which

contributed to a 6% uncertainty in the neutrino energy [53] - although this has been

improved over time. In the Minos experiment, the simulated spectrum of near

detector cc � � events can be seen in Figure 3.10 which shows that the number of

kaons is not signi�cant and becomes dominant at energies over26 GeV. Figure 3.11

shows the ratio of pions and kaons in Fluka simulations (which was used inMinos )

[54] [55] and experimental observations fromNa49 [56] and Mipp [57]. Figure

3.11 show that the uncertainties in the observations of theK + =� + and K � =� �

ratios are much larger than the uncertainties of just the pion only ratio� � =� + .

(The kaon only ratio, K � =K + , also has large observational uncertainties.) These

40



3.3. Neutrino Production

Figure 3.10: A simulated spectrum of� � cc events in the Minos near detector
which shows the large number of neutrinos produced by kaon parents. Figure from
[58].

measurements are used to inform and re�ne the tuning of the simulation. Therefore,

large uncertainties in the measurements cascade into inaccuracies of the simulations.

Overall these �gures show that the number of kaons signi�cantly contribute to the

neutrinos produced and the uncertainty in the number of kaons is also signi�cant.

Furthermore, the branching ratio shown in Equation 3.9 combined with the fact that

� 0 can decay into (unfocused) electron and muon neutrinos means that the kaon

composition of the hadron beam impacts the muon neutrino purity of the neutrino

beam.
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Figure 3.11: The ratios of pions and kaons across the range of longitudinal momenta
with di�erent transverse momenta cuts. The larger error bars for plots with kaon
ratios can be seen. Figure from [58] [59]. To experimentally measure the pion-kaon
production ratio, a secondary proton beam was �red at test targets and the hadrons
produced were counted and identi�ed using a number of instruments in theMipp
detector system (including time projection chambers and Cherenkov detectors) [57]
[60].
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Chapter 4

The Chips Detector

Due to the unlikeliness of neutrino interactions, neutrino detectors are traditionally

very large and therefore expensive. Due to cosmic ray background, these detectors

are often in locations very deep underground which are expensive to create and

di�cult to access. Hyper-Kamiokande is projected to cost over $600m for a258 kt

detector ($2.3mkt � 1) [61] [62] and the Deep Underground Neutrino Experiment

(Dune ) is projected to cost over $3bn (including the neutrino beam facilities) for

a 70 kt module ($43mkt � 1). Of this, over $2bn will be used for excavating un-

derground caverns and constructing buildings [63]. TheChips experiment was a

prototype research and development project focusing on lowering the cost and bar-

riers of entry in neutrino detector construction both through careful placement and

design of the detector to ease construction and optimising the instrumentation for

cost e�ciency.

4.1 Experiment Overview

Chips was a prototype long baseline neutrino experiment consisting of a large water

Cherenkov detector in a mine pit in Northern Minnesota,712 km away from the

Numi beam at Fermilab near Chicago (shown in Figure 4.1). The goal ofChips

was to measure� e appearance and� � disappearance to demonstrate the observance

of neutrino oscillations within a budget of about $200kkt � 1.

The detector design comprised a volume of puri�ed water wrapped in a water-

proof and light-tight plastic liner with 1860 pmt s (in phase one) lining the walls

facing inwards arranged in detector planes. Neutrinos interacting with the water

within the detector would produce Cherenkov light in the darkened environment

which could then be observed by thepmt s. The instrumentation was mounted to

steel frames which formed a cylinder which was then wrapped in light-tight plastic.

The detector was to be placed at the bottom of a �ooded open-pit iron mine. The

detector used as many standardised o�-the-shelf components and readily available

building materials as possible. It was designed in such a way that non-specialists
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Figure 4.1: Map showing theNumi beam source at Fermilab and the mine pit where
Chips was located in Hoyt Lakes, Minnesota [64].
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4.1. Experiment Overview

Figure 4.2: A rendering of theChips detector showing the overall structure: two
steel end caps supporting detector planes with buoyancy in the top cap. The detector
stretched out to be a long cylinder and the complete detector was wrapped in liner.
Here detector planes on the walls of the cylinder are shown which was a future
upgrade path forChips and not installed for the initial deployment. Image courtesy
of Thomas Dodwell.

(including students) could perform the majority of the construction tasks safely. As

a consequence, there was a signi�cant saving in construction costs in comparison

with those of other neutrino detectors. An overview of the detector can be seen in

Figure 4.2

Overall, this concept provided three main advantages:

ˆ Free overburden: the detector did not need to be buried underground so no

expensive mining was needed to be performed or rocks placed on top. The de-

tector was submerged in approximately60 mof water - compared with2700 m

water-equivalent overburden for the Super-Kamiokande detector [65]. A de-

tector 24 m in diameter and 24 m tall with no overburden results in a cosmic

ray rate of approximately 80 kHz. The same detector resting at the bottom
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of a 60 m lake gives a cosmic ray rate of approximately20 kHz representing a

factor of four decrease due to the overburden [66].

ˆ Ease of construction: the detector could be built in its �nal form above ground

and deployed to its underwater location in one piece (see Section 4.6). This

saved design and construction time as all the work could be performed in

facilities at ground level and the detector did not need to �t in a disassembled

form into a mine shaft elevator.

ˆ Commonly-available building and easily-found materials as well as o�-the-

shelf components were cheaper and easier to procure than bespoke electronics

and unusual materials. This also made it faster to complete a detector from

conception to deployment.

The detector was assembled from April to October 2019 when it was then de-

ployed. The detector was decommissioned in July 2020 due to external factors

relating to the Covid-19 pandemic. The instrumentation is in the process of being

reused.

4.2 The PolyMet Mine

Chips was based within the PolyMet mine site, in a disused and �ooded iron mine,

now used as a bu�er pit for managing water levels across the site. Previously the iron

was extracted from the ground using open pit mining. This became unpro�table in

the late 20th century and the mine fell into disuse in the early 2000s. The mine site

holds the second largest copper reserve in the world, as well as substantial nickel

and rare earth metal reserves that are more valuable in the present day than they

were when the mine was decommissioned. Consequently, the mine site is being

recommissioned and the infrastructure refurbished for fresh mining.

The PolyMet site was uniquely useful toChips for several reasons. Firstly,

the Wentworth 2W (w2w ) abandoned �ooded mine pit provided a suitably deep

location (60 m) for the detector. Secondly, the existing infrastructure that was being

maintained for future mining operations provided access by road and rail despite the

remoteness of the location and also gave access to heavy machinery and industry for

construction. Finally, the location of the mine site itself was important. The site

was within accessible distance to theMinos and No va sites for accessing equipment

and tools. The site was also in the path of theNumi beam as it re-emerged from

the Earth (shown in Figure 4.3). It was for these reasons that thew2w was selected

as the location of theChips detector.

During the lifecycle ofChips , the w2w mine pit was deliberately �ooded by the

mining company. The ph level and balance of chemicals in the water of the mine

pits were tightly regulated for environmental reasons. As rain water ran into the
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Figure 4.3: A map of theNumi beam exiting the Earth's surface showing the po-
sitions of Chips , No va and Minos . The z-axis shows the expected number of
neutrino events per year per kiloton of water assuming no neutrino oscillations.
Contours of constantL=E are shown. Image taken from [67].

mine pits through di�erent sections of the mine site, the ph and chemical balance of

the water changed. Water was pumped between the di�erent mine pits to maintain

safe levels and pH. In autumn, water was pumped into theChips pit and then

pumped out over winter into other pits. Therefore, the water level ofw2w changed

seasonally and it was possible to use this to advantage. A map of the PolyMet site

including the w2w mine pit and the construction area can be see in Figure 4.4. The

Construction area at thew2w pit can be seen in Figure 4.5.

4.3 Detector Frame

The Chips detector was cylindrical in shape (25 m in diameter and extendable to

12 m tall). The two circular ends of the cylinder were made up of two lattice frames

of stainless steel, which were known as theend caps. The lattice construction was

for a high strength-to-weight ratio and the stainless steel was to resist corrosion in

the water so that rust did not inhibit the water's clarity. Pieces of the frame's main

structure can be seen in Figure 4.6. Rather than manufacturing perfect25 mcircles,

the end caps were approximated as two icosikaioctagons (28-sided regular polygons)

and consisted of a main frame which gave each end cap its rigidity, strength and

physical shape. Steel beams, known asstringers, were mounted facing the interior

of the cylinder in rows to which the instrumentation was attached (shown in Figure
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Figure 4.4: The PolyMet mine site.Chips was built beside the mine pit on a �at
construction with additional assembly done in the PolyMet building. The detector
was then deployed underwater in the mine pit [27].

4.7). Overall each end cap weighed14 t and used approximately 3600 bolts.

The frame was designed to be prefabricated in a factory o�-site and shipped to

the mine pit. Each piece was designed to be movable and assembled with a single

telescopic forklift rather than an industrial crane or multiple pieces of machinery; the

stringers were movable by either a single person or two people depending on the size

of the stringers. This meant that, other than a forklift operator, the frame could be

assembled by a team with as few as three people; it also meant that only two workers

at any time needed specialist training (forklift driver and forklift spotter/director).

The main structural pieces were of gusset plate construction with bolts and slotted

bolt holes which are visible in Figure 4.6. The stringers were bolted to brackets

attached to the frame, an example of which can be seen in Figure 4.8.

Since cylinders have two parallel circular caps, theChips frame end caps were

constructed on top of each other. The bottom cap was built on the ground with

legs that had feet made from tyres (also visible in Figure 4.6). The bottom cap had

stainless steel pegs pointing upwards; on top of the pegs, stilts made of steel tubing

were mounted and the top cap was built on top of the tubing. The top cap sat

on pins which were inserted into the stilts which could be removed during detector

deployment. The stilts could then be removed from the detector once it was in the

water. The legs were only necessary during construction because, once deployed, the

bottom cap sank and the top cap �oated and the caps no longer needed to be rigidly
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