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As long-baseline neutrino oscillation experiments continue to collect data, sys-
tematic uncertainties will play a more significant role in limiting measurement pre-
cision. The work presented here examines one such source of systematic uncertainty
in the T2K (Tokai to Kamioka) experiment, neutral current neutrino interactions pro-
ducing pions.

The process of expanding the oscillation analysis with an expanded cross-section
treatment is described, in conjunction with the addition of SK neutral current 7°
control samples. The analysis makes use of a Markov Chain Monte Carlo method to
investigate the impact of these additions on both the oscillation parameter measure-
ment and other parameters of the fit.

Finally, an investigation of future systematic uncertainties of relevance to the
next-generation long-baseline neutrino experiment Hyper-Kamiokande is made. This
focuses on the potential provided by a proposed new near-detector to constrain the
leading systematic uncertainty in HK’s measurement of the neutrino CP violating

phase dcp.
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Chapter 1

Neutrino Properties

This chapter will discuss discovery and the interpretation of neutrinos within the
Standard Model, including their oscillations and interactions with matter. As rele-

vant to accelerator based long baseline neutrino oscillation experiments.

1.1 Standard Model Neutrinos

1.1.1 Discovery
First Hints

The first evidence for the existence of neutrinos came from radioactive beta decay
experiments. In 1914, James Chadwick discovered that electrons produced in  de-
cay had a continuous energy distribution [1]. This was in stark contrast to « and 7y
decays which yielded monoenergetic decay products.

A two-body decay process conserving energy and momentum would require
that the electrons produced from the decay all have the same energy. It was therefore
impossible to explain the observed spectrum using the two decay products without
abandoning energy conservation.

The continuous spectrum could however be explained through the inclusion of
a third, unobserved particle, able to carry some of the decay energy away. This was
the solution proposed by Pauli in 1930 [2]. His proposal included a new, neutral,
weakly interacting particle termed the neutron (later renamed to the neutrino). Such
a particle would allow for the removal of some energy from the decay and would

not itself be readily detectable. While the mass of this particle was not predicted,
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Pauli believed it would have to be comparable to, or smaller than the mass of the
electron.

This neutrino was included in Fermi’s 1934 theory for weak interactions [3],
which was extremely successful in describing the lifetimes and energy spectra for
B decay processes. Fermi theory was later expanded by Gamow and Teller in 1936
[4] to include axial-vector currents. The precise form of weak interactions, that of

the V-A structure was not yet known.

Direct Detection

The first experiment to directly detect a neutrino was that of Cowan and Reines in
1956 [5]. At this point, several of the properties of the neutrino had been inferred,
including an upper limit on its mass, being below 250eV /c? [6].

This experiment consisted of a layer of water target, with liquid scintillator on
either side, placed close to an active nuclear reactor. The reactor would provide an
intense flux of anti electron neutrinos while the hydrogen nuclei in the water would

act as a proton target for the inverse beta decay process:

T+ pt — et +n° (1.1)

The positron produced would rapidly collide with an atomic electron, producing
two photons of characteristic 0.511MeV energy.

The neutron would thermalise over several microseconds and then be captured
on a cadmium nucleus dissolved in the water. This cadmium nucleus would then
emit several photons. These photons would pass into the liquid scintillator layer,
convert and be detected by a number of photomultiplier tubes.

An inverse beta decay reaction would produce a distinctive signal consisting of
two prompt photons, one in each scintillator layer from the positron. This would be
followed a number of microseconds later by a larger, delayed signal in the scintillator
from the neutron capture.

Using this setup, Cowan and Reins were able to detect approximately three neu-
trino interaction events per hour associated with the reactor operation, in agreement

with the predicted flux and theoretical cross-section for the process in Fermi theory.
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This demonstrated the existence of neutrinos as well as the efficacy of Fermi theory

to describe their interactions.

1.1.2 Three Generations
Muon Neutrinos

While the existence of a new particle had been shown, it was not yet known that
there was more than one generation. The muon had been discovered in 1937 [7]
and the available limits for 4 — e + 7y decay indicated that lepton flavour was a
conserved quantity, similarly to the conservation of lepton number.

This principle of the conservation of lepton flavour would imply that the neu-
trinos produced in 7" — p*v, decay are unable to interact with matter to produce
electrons. This hypothesis was tested by Lederman, Schwartz and Steinberger using
one of the first accelerator based neutrino experiments [8].

This experiment utilised a 15GeV proton beam striking a stationary target to pro-
duce charged pions, both 71" and 71~ These pions would decay in flight, producing
muon neutrinos see Fig 1.1. A 13.5m thick iron shield was used to stop the majority
of the muons produced by these decays, permitting only the neutrinos to reach the
detection region.

The detector used was a 10ton aluminium spark chamber. The expected be-
haviour, if muon neutrinos were different to electron neutrinos, would be an ex-
cess of events in the detector producing muons relative to electrons. In the detector
muons would be seen as single spark tracks passing through numerous aluminium
plates. Electrons would however cause showers of sparks and pass through fewer
layers of the spark chamber.

In total, subtracting the cosmic background, 29 muon events were detected, as
compared to just six shower events. Accounting for detector efficiency, 20 such
showers would be expected if there were only one neutrino flavour. This was there-
fore conclusive evidence that the neutrinos produced by pion decay were indeed

different from those produced in radioactive decay.
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FIGURE 1.1: The experimental setup of the Lederman, Schwartz and Steinberger

experiment. Protons strike a target at point G, producing charged pions. These

decay to muon neutrinos and pass through the steel shielding. A small fraction

interact in the Aluminium spark chamber detector and are identified as electron or
muon flavour. Reproduced from [8].

Tau Neutrinos

The 1975 observation of interactions consistent with the production of a new heavy,
charged lepton (7) at the e™ e~ collider at SLAC [9] provided the first evidence of the
theorised third generation of leptons. Subsequent experiments [10] [11] in 1976-77
provided additional evidence for the existence of this generation.

The detection method used for the tau lepton discovery, that of observing miss-
ing energy in a collider was consistent with a tau neutrino. However it would not be
until 2000 that the first direct detection of a tau neutrino interaction would be made.

The DONUT experiment was constructed with the express purpose of detecting
vr. An 800GeV proton beam from the TeVatron was sent to a beam dump. The D;
mesons produced by this decayed into T and 7, these T’s would then further decay
into v¢ [12].

An emulsion detector consisting of layers of nuclear emulsion, some with inter-
leaved steel sheets was located behind a thick shield, 36m downstream of the target.
A v interaction would be associated with a short 7 track in the developed emulsion.
This would originate in the steel or the emulsion and show a distinct kink at the T
decay point, followed by a subsequent track from a single charged daughter.

In total, four events were found to meet the requirements for the T selection
against an expected 0.34 & 0.05 events without v interactions. This thus provided

final confirmation of the existence of the third neutrino generation.
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Further Generations

Searches for fourth or higher generation fermions have not yet yielded any con-
clusive evidence for their existence. A fourth generation of neutrinos are strongly
limited by the combined results obtained by ALEPH, DELPHI, L3, OPAL at CERN
and SLD at SLC [13]. These experiments looked for the decay width of Z° bosons to
invisible i.e. Z° — v, this width is directly related to the number of light neutrino
generations (M, < Mz/2). These results showed a strong preference for three light

neutrino generations see Fig 1.2.

ALEPH

30 DELPHI

L ¢ average measurements,

error bars increased
by factor 10

Opaq [Mb]

10

0% 88 90 92

E,, [GeV]

FIGURE 1.2: The cross-section for hadron production around the Z mass peak for

the combined ALEPH, DELPHI, L3, OPAL and SLD dataset. The data is in agree-

ment with the SM prediction with three light neutrino generations and strongly
disfavours the two or four neutrino prediction overlaid. Reproduced from [13].

A fit to these data yields N, = 2.9840 4= 0.0082 in agreement with the known
three generations and strongly excluding further generations.
As a result, any fourth generation of neutrino must either have a mass greater

than approximately Mz /2 or not couple to the Z. This is the subject of ongoing

investigation into heavy neutral leptons and sterile neutrinos respectively.

1.1.3 Modern View

In the modern interpretation of the Standard Model (SM), there are known to be

three generations of charged lepton, each associated with a single, separate neutrino
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as seen in Fig 1.3.
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FIGURE 1.3: The fundamental particles in the Standard Model. Adapted from [14].
Values taken from [15] and [16].

Neutrinos have no electric or colour charge and therefore do not interact via the
electromagnetic or strong forces. Interactions via the weak force are possible and are
the only way neutrinos can be produced or detected in the SM.

The large masses of the W* and Z° bosons (80.4 and 91.2GeV respectively) are
the cause of the observed low interaction probability for neutrinos with energy on
the GeV scale. As there is insufficient centre-of-mass energy to produce an on-shell
boson, the interaction cross-section is suppressed by a factor G% (1.36 x 1071 GeV?/c*)
compared to an EM mediated interaction.

One consequence of neutrinos only interacting via the weak force is that (anti)
neutrinos are always produced in left (right) handed chiral states. In the Standard
Model, neutrinos are massless, and helicity and chiral states coincide. This implies a
left (right) handed helicity state which does not evolve with time. Thus there are no
right (left) handed (anti)neutrinos. This is in contrast with all other fermions in the
Standard Model which can take on both states.

With the observation of neutrino oscillations, §1.2 neutrinos are known to be

massive, however their absolute masses are unknown. The best direct limits on
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neutrino mass come from the KATRIN experiment, which provides an upper limit
on the mass of electron neutrinos at 0.8eV (90% confidence) [16]. The mechanism for
this mass generation is currently unknown.

The inclusion of a Higgs mass term for neutrinos requires an extremely small
coupling constant to yield the observed limits on neutrino masses and requires the
introduction of a right-handed neutrino field [17].

One other possibility is that of a Majorana mass term [18]. In this scheme neu-
trinos and antineutrinos are considered as equivalent but with different chirality i.e.
‘antineutrinos’ are simply right-handed neutrinos. This possibility is currently an
active area of research for neutrinoless double beta decay (0vpp) experiments such
as CUORE [19] and KamLAND-Zen [20]. The presence of the Majorana mass term
allows for the existence of the ‘see-saw’ mechanism [21] which is capable of natu-
rally explaining the small mass of neutrinos through the inclusion of an extremely
massive right-handed neutrino.

The neutrino flavours are associated with the charged leptons via the require-
ment of lepton flavour conservation, hence the only allowable interaction vertex be-

tween a charged lepton and its associated neutrino in the standard model is:

VEIV]/HVT e_r,u_/T_

1.2 Neutrino Oscillation

While no direct measurement has yet placed a lower bound on the mass of neutri-
nos, it is known that neutrino mass is non-zero. Evidence of this derives from the
observation of neutrino oscillation.

Neutrino oscillation describes the change in flavour of a neutrino as it propagates
through space. A neutrino originally produced as a muon neutrino, has variable

probability of being observed as a muon flavour as a function of distance travelled.
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Such a neutrino would start as pure muon flavour, becoming almost entirely tau
flavour after a certain distance, then at double this distance becoming almost entirely
muon flavour again.

This behaviour is only possible if the neutrino states have different masses, re-
sulting in the states propagating through space differently and interfering. Observa-
tion of neutrino oscillation therefore necessitates non-zero neutrino masses.

The first experimental evidence of this effect was made at the Homestake exper-
iment in 1968 [22]. This experiment used the reaction of v, 8B solar neutrinos with

chlorine:

YCl4+v, = Y Art + e (1.2)

The resulting unstable isotope of argon was extracted and counted using its de-
cays. Compared to the contemporary prediction for the v, ®B flux [23] this experi-
ment reported approximately 1/3™ the flux of the prediction. Similar results were
later observed by SAGE [24], GALLEX [25] and Kamiokande [26].

In the neutrino oscillation paradigm, this can be explained as the effect of oscil-
lation from v, to v, and v;. Due to the large distance to the sun and wide energy
spread of the ®B neutrinos, the flux at earth averages out to approximately equal
quantities of each neutrino flavour. With experiments sensitive to only electron neu-
trinos this manifests as an observation of only 1/3™ the expected event rate without
oscillations.

Proof that this effect was a result of neutrino oscillation would wait until the joint
observations at SK (Super-Kamiokande) [27] and SNO (Sudbury Neutrino Observa-
tory) [28][29]. SK detected oscillation of atmospheric neutrinos and SNO detected
the presence of a v, and v; component of solar flux.

SK used the flux of neutrinos produced by cosmic ray interactions in the atmo-
sphere. The angle at which such a neutrino reaches SK is dependant on its produc-
tion point. A directly downward going neutrino would have been produced directly
above SK with a travel distance of approximately 15km, while a vertically upwards
going neutrino would have travelled 13 000km from the other side of the earth. As

neutrino production was expected to be approximately homogeneous around the
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world, the angle of the incident neutrino could be used as a measure of the distance
travelled by the neutrino and therefore the baseline for potential oscillation.

SK observed a significant deficit of upwards going muon neutrino interactions
relative to the unoscillated prediction and well described by a fitted oscillation model.
Muon neutrinos travelling a greater distance being more likely to have oscillated to

an unobserved tau neutrino than those being produced closer to SK, as seen in Fig
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FIGURE 1.4: The predicted unoscillated event rate (hatched) compared to the ob-

served data and a fit with oscillation (black) for the eight samples used in the SK

neutrino oscillation discovery. Little change is observed in the electron-like samples

relative to the prediction, however all of the muon-like samples show a significant

difference relative to the prediction. Additionally a dependence on zenith angle is

seen, indicating a relationship between distance travelled and probability of being
observed as v,. Reproduced from [27].

While this observation was strong evidence for neutrino oscillation from vy tovg
or other unobserved neutrino, this was not in and of itself, evidence for an explana-
tion of the observed solar neutrino v, deficit.

The SNO experiment’s solar neutrino measurements were able to resolve this.
8B neutrinos produced in the sun have insufficient kinetic energy to generate muons
or taus during a charged-current interaction. Thus in previous experiments relying
solely on CC (charged-current) interactions, the flux of v, and v were not observ-
able. SNO was also sensitive to v, and v flux, making use of elastic scattering off
atomic electrons and through the use of a heavy water target, observation of neutral-

current interactions were also possible.
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NC (neutral current) interactions were detectable via tagging of the neutron emit-
ted during an NC interaction on deuterium. As no massive, charged lepton is pro-
duced in NC interactions, the energy threshold of this reaction is the deuterium
binding energy of 2.2MeV and is the same for all neutrino flavours. This there-
fore allows a measurement of total ®B neutrino flux to be made in addition to the
v, only CC interaction. Elastic scattering of a neutrino off an atomic electron has an
NC component for all three neutrino flavours in addition to a CC component for v,
alone, hence the total event rate in this channel provides some sensitivity to the NC
contribution from v, and v-.

The resultant constraint on v, and v, + v flux can be seen in Fig 1.5, there is good
agreement between all three samples, showing approximately 1/3" of the total neu-
trino flux being v, with the remaining 2/3"% being v, and v-. This result definitively
showed that the disappearance of solar v,’s was associated with a corresponding

increase in v, and v, consistent with the effects of neutrino oscillation.

¢, (10 em™s™)

(R (106 cm?sh)

FIGURE 1.5: The flux of ®B solar neutrinos measured by SNO from its three interac-

tion channels, each providing differing sensitivity to v, and total neutrino flux. The

three constraints overlap well in a region predicted by the standard solar model
with oscillation. Reproduced from [28].

The combination of observations at SK and SNO therefore provided definitive
experimental evidence for both v, and v, oscillation. This explained the solar neu-

trino deficit observed in experiments since Homestake and proved that neutrinos

must have mass.
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1.2.1 Oscillation Probability

The observation of neutrino oscillation implies that neutrinos have non-zero mass.
In addition, it is necessary for the flavour eigenstates to differ from the mass eigen-
states.

The PMNS (Pontecorvo-Maki-Nakagawa-Sakata) formalism describes the rela-
tionship between neutrino flavour and mass eigenstates. Neutrinos are produced
and interact as neutrino flavour eigenstates; v, vy and v, these are eigenstates of the
weak interaction. The eigenstates of the vacuum Hamiltonian are given by the mass
states v1, 1, and v3. These states individually can propagate freely as a plane wave
through space.

The relationship (mixing) between these flavour and mass eigenstates is given

by:

lvi) = Zuzxi|va> (1.3)

Where |v;) denotes mass eigenstate i € {1,2,3} and |v,) denotes flavour eigen-
state w € {e, u, T}. The orthogonal basis |v;) is composed of a linear combination of
the flavour basis |vy).

The propagation of these mass eigenstates is governed by the time-dependant
Schrodinger equation:

i) = Hlu() (14

Hence a neutrino mass eigenstate propagating in vacuum has the plane wave

solution:

[vi(x)) = e |;(0)) (15)

Here p is the four-momentum of the neutrino and x is the four-position. In the
ultra-relativistic limit where m; < || the energy of the neutrino mass eigenstate is

given by:

- - m;
E=\/m?+|p]*~ ”’Hﬁ (1.6)
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In addition, as the neutrino is ultra-relativistic |p| ~ E, its distance from the

initial point as a function of time is given by L ~ t thus:

” N m2 . Lmi2
qu:Et—WL% |p 2| | L—’P|L= °F (1.7)

Substituting this into eqn 1.5 yields the wavefunction at the position L:

vi(L)) = e~ |1;(0)) (1.8)

The probability of a neutrino starting in flavour eigenstate a oscillating to flavour

eigenstate p after travelling a distance L is given by:

p(va — vg) = |(vp|va(L)) (1.9)

Using equations 1.3, 1.8 and 1.9 this oscillation probability can be expressed as:

2 2
p(va — vg) = 'Z U;.e ’2Em (vglvi)| = Zu;iuﬁe—%m?wﬁm) (1.10)
i
Using orthogonality (vg|v,) = dg,, this can be simplified to:
2
P(ve — vg) = —iggm (1.11)
Expanding this out:
P(vn — vg) = ¥ Y Ul Uz~ 5™ (1.12)
i

where Amfj =m? — m]2 Using the unitarity property of the PMNS matrix, this is

most often written as [17]:

- O AmiL
P (I = V) = dup — 4 L R{UG UpilliyUy} sin® | —

i>j

AmZL
—)2) " S{UgUpgi U, U } sin S

Z>]

the sign of the final term being negative for antineutrino oscillation.
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The probability of oscillation therefore depends on the magnitude and phases
of the PMNS matrix elements. The oscillation length depends on the squared mass
differences between the neutrino mass states Aml-zj and the energy of the neutrino.

There are a number of points that are illustrated by eqn. 1.13:

e For oscillations to occur Amlzj must be non-zero. Hence the observation of at-
mospheric and solar neutrino oscillation implies that the three mass states have

different masses with at least two being non-zero.

¢ The absolute mass of the neutrinos cannot be determined by oscillation exper-

iments alone, only the mass squared differences (m‘l2 — m;f'*) can be measured.

* In vacuum, the sign of Amizj only affects the final term of eqn 1.13. Hence the
sign of Amizj cannot be determined by vacuum oscillation experiments without
additional knowledge of the complex component of the PMNS matrix. This
results in an ambiguity in the ordering of the mass states. Normal Ordering

(NO): m; < my < mg3 or Inverted Ordering (IO): m3 < my < my.

¢ If the PMNS matrix has complex components then the oscillation probability

P(vy — vg) # P(Ux — 7) i.e. neutrino oscillations can violate CP symmetry.

1.2.2 PMNS Matrix

The PMNS matrix, describing the relationship between the mass and flavour states
eqn. 1.3 can be described by a unitary 3 x 3 matrix with nine free parameters. Ne-
glecting non-observable degrees of freedom, and neglecting the Majorana phases,
this can be composed of three rotation matrices and one complex phase [17]. One
of the most common such parameterisations and that used throughout this thesis is

[30]:
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Parameter Normal Ordering | Inverted Ordering
. 2 +0.012 +0.013
sin” 01, 0.304" ) 015 0.304" 015
. 2 +0.00062 +0.00074
sin? 013 0.02246+0:00602 0.02241;f 900
sin? 63 0.45075072 0.570190%8
bcp/Rad —2.271043 ~1.4370-38
om3,(x10~%eV?) 7.427021 7.427021
om3,(x10~3eV?) 2.51070:0%7 —2.49015926
TABLE 1.1: The current NuFIT [31][32] global best-fit values for the neutrino oscil-
lation parameters and their £10 ranges.
1 0 0 C13 0 513€_i5CP c12 s1p O
Upmns = | 0 C23 523 0 1 0 —S12 c12 O
0 —sy3 (23 —sqzeicr Q) 13 0 0 1
(1.14)
12€13 $12€13 s13e 0P
= | —s12023 — C12523513€"C”  c12C23 — S12523513€0CP 523€13
$12823 — C12023513€°°C7  —C12503 — S12023513€°CF Co3C13

where s;; = sin(6;;) and ¢;; = cos(8;j). This is unitary by construction and has
four independent parameters: 615, 013, 623 and dcp. The current global best-fit values

of these parameters is shown in Table 1.1.

1.2.3 Matter Effects

One additional factor must be considered for terrestrial experiments; the impact of
the medium in which the neutrinos propagate. While hard neutrino scatters on mat-
ter are rare, neutrinos do experience a different effective potential in matter to that
of the vacuum.

This is caused by two coherent forward scattering processes between neutrinos
and matter, shown in Fig 1.6. In these interactions, a weak boson is exchanged be-

tween the neutrino and an atomic electron or nucleus in the matter.
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FIGURE 1.6: Tree level Feynman diagrams for the coherent forward scattering pro-

cess. All neutrino flavours undergo neutral-current scattering off atomic electrons

or nuclei while only v, can undergo a charged-current interaction with atomic elec-
trons.

As the neutral current Z interaction is flavour agnostic, each neutrino flavour
experiences the same effective potential Viyc. The W+ interaction however is only
possible for v, and 7,, hence only electron flavour neutrinos experience the effective
potential Vc. These potentials can be added to the vacuum Hamiltonian to obtain
the effective propagation Hamiltonian for neutrinos in matter.

Here in the flavour basis (v, v, v;) the effective Hamiltonian can be written as:

Ve + Vee 0 0
HEff = Hvae + VMatter = Hvac + 0 Vne 0 (1-15)
0 0 Vnc

As the NC component is proportional to the identity matrix, this has no effect
on the relative phase of the neutrino mass eigenstates and therefore does not impact
neutrino flavour oscillation [15][33]. The CC interaction does however contribute,
changing the effective propagation eigenstates and mass splittings.

The matter potential V¢ is given by [34]:

Vee = £V2Grn, (1.16)

Here Gr is the Fermi constant and 7, is the number density of electrons in the
medium, the term is positive for v, and negative for 7,. The impact of matter effects

is therefore opposite for neutrino and antineutrino propagation.
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1.2.4 Phenomenology

No current single experiment is able to measure all of the oscillation parameters of
the PMNS matrix eqn. 1.3 and the mass splittings. A combination of measurements
from different experiments is therefore used to constrain these parameters. The sen-

sitivity of different experiment types is summarised in Table 1.2.

Experiment Sensitivity

Solar Experiments 012, 013, Am%l
Reactor LBL 012, 013, Am%l
Reactor MBL 013, |Am%, |, |Am,|

Atmospheric Experiments | 013, 623, dcp, \Am%l |, |Am3,|
Accelerator LBL v, — v, | b3, |Am%,|, |Am3,|

Accelerator LBL v, — v, 013, 023, dcp

TABLE 1.2: The ability of different experiment types to provide measurements of
different PMNS parameters. Reproduced from [15].

Accelerator based LBL (long baseline) experiments offer leading sensitivity for
the atmospheric mass splitting, 623 and dcp, in addition these experiments have some
sensitivity to 63 and the neutrino mass ordering [35].

These LBL experiments have a number of advantages over atmospheric only ex-
periments for precision measurement: the beam is produced at a known distance
to the detector, with a predictable and measurable flux and using the off-axis prin-
ciple §2.2.3 can be made to target their peak flux around a maximum of oscillation
probability.

Currently the best method for generating a high intensity neutrino beam is through
the decay of boosted, charged pions, see §2.2.2. Such beams are dominated by muon
flavour neutrinos and antineutrinos, due to the high branching ratio for pion decay
to muons. As such, LBL experiments are typically able to observe the v, — v}, “dis-
appearance’ channel or the v, — 1, ‘appearance’ channel at a detector some distance
away.

The probability of observing a muon neutrino some distance L from the v, pro-

duction point is given by [36]:
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p (;/_;4) - W) ~ 14 ((s35¢15) (1 — s35cts)) sin? (A32 + Az1s%2§%32>
1 —sy013
£ 0 (¢ 81 17
~ 1 — sin® 203 sin® (A3,)

Where A;; = AT—? and the matter effect contribution a = Ggn,L/+/2.

For many LBL experiments, such as Tokai to Kamioka (T2K) and Hyper-Kamiokande
(HK), L is chosen such that A3; ~ 71/2 for the peak of the v, flux distribution.

Due to the much smaller mass splitting Am3, < Am?3, for these LBL experiment
baselines sin Ay; < 1, hence terms of order Am%1 are omitted. In addition, over these
baselines matter effects in v, disappearance are small a*> ~ 0.01, hence these may be
ignored. From reactor neutrino experiments 6,3 is known to be small [37], hence C%3
is taken to be unity.

From this probability, it can be seen that the disappearance channel is heavily
affected by 623 and the mass splitting Ams3,.

As the neutrino beams used in LBL experiments have a broad energy distribu-
tion, Az, will vary significantly across this energy distribution, hence so will the os-
cillation probability, as seen in Fig 1.7. LBL experiments are sensitive to 63 through
the amplitude of this disappearance probability. The neutrino energy corresponding

to the minimum in the oscillation probability is sensitive to Ams3,.

Including matter effects, the probability for v, to v, oscillation is given by [33]:

.2
[ - ) . sin” (Az1 Fa) ,,

P( = ) ~ sin® Oy sin? 20,3 0 23 T2 5
VP‘ Ve sim™ ths3 S 13 (A31 - a)z 31

sin (A a sina
(A1 F >A31 p Ay1 cos Az1 cosdcp

~+ sin 2653 sin 2673 sin 26015 cos 012

Az Fa
in (A .
F sin 26053 sin 2613 sin 261, cos 61, sin (As1 T 4) Azq sma Ay1 sin Azq sinécp
Az Fa a
-2
+ cos? 013 cos? B3 sin? 201, s 4 A%l

612
(1.18)

Where the symbols have the same meaning as in eqn. 1.17. Here again, around

the v, oscillation maximum Az, =~ 71/2 and Ay; < Az hence the first term is the
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leading contribution. Unlike v, disappearance however, due to the small value of
613 the second and third terms are important.

Notably the term proportional to sin dcp has opposite sign for v, and 7,, non-zero
values of sin dcp therefore result in different behaviour for neutrinos and antineutri-
nos. Discovery and subsequent measurement of this matter-antimatter asymmetry
(CP symmetry violation) is of particular interest to LBL experiments owing to its
potential importance to baryon asymmetry.

At LBL experiments, measurement of this can be performed by observing v, and
7, event rates. Taking the difference in v, and 7, appearance probability cancels
most of the contribution from the leading terms and isolates the sin écp term. This
allows for a more sensitive measurement of dcp with less reliance on the precise
determination of the other oscillation parameters.

The appearance oscillation probability depends strongly on 613 and écp. Changes
in 013 and dcp both affect the normalisation of the v, and 7,, an increase in 613 increas-
ing the event rate in both, however dcp can increase the event rate for neutrino and

decrease for antineutrino and vice a versa.

\Y -V,

~ Unoscillatedv, Flux ~ 0.1 - Appearancev, Flux
L > =
> Lk - Oscillatedv, Flux 1 0.09F
) — Oscillation Probability 10.08;— —— Oscillation Probability
k)
W

P AP P P T S ST SRR RPN I
02 04 06 08 1 12 14 16 18 2

s Y | IR SR SR SRS SR A ArATEr A
02 04 06 08 1 12 14 16 1.8 2
E, (GeV) E, (GeV)

FIGURE 1.7: The oscillation probability and expected T2K fluxes for v, — v, oscil-
lation (left) and vy, — v, (right). The oscillation parameters are those of the NuFIT
best point as in Table 1.1.

1.2.5 Mass Ordering

As discussed in §1.2.1 the masses of the states v1, 5, v3 are not observable in oscilla-
tion experiments, only their mass squared differences can be measured. In addition,
the sign of the mass squared difference Am3, is unknown. As such, the ordering of

these mass states have two possibilities: Normal Ordering m; < my, < m3 which
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would mirror the behaviour seen in charged leptons and quarks or Inverted Order-

ing m3 < my < my as shown in Fig 1.8.

v, vy v,
"2 2
Normal Inverted
. m% N V3 V2 I m% -
2
, IAm21
vi N
2 2
Ams, Amz,

. m% I V2
2
Amsj,

1mi N
my " V3 ms
?
0

0

FIGURE 1.8: A diagram of the neutrino masses and the approximate composition
of each neutrino mass state in terms of the flavour states for the two possible mass
orderings.

While this ordering ambiguity cannot be resolved by oscillation experiments in
vacuum, the addition of matter effects has the ability to break this degeneracy. As
seen in eqn 1.18 the magnitude of the leading terms depend on the sign of Am3,, with
a larger effect as a — Az; where a = Gpn,L/ V2. Therefore, for LBL experiments
investigating mass ordering, the higher energy region with lower A3; increases the

impact of the mass ordering on the observed oscillation probability.

1.3 Neutrino Interactions

In LBL neutrino oscillation experiments, the observation of neutrinos is dependant
on a neutrino interacting with a target nucleus. The complexity of the strongly
bound nucleus coupled with the neutrino energy range in use by LBL experiments
(0.3 — 5GeV) means that numerous interactions are possible. The cross-sections for
these interactions are not precisely known, hence the uncertainty on these can be a

dominant systematic uncertainty in LBL experiments [38].
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FIGURE 1.9: The interaction cross-section for v, on water broken down by inter-

action type. Superimposed with the unoscillated T2K v, flux (grey) and a typi-

cal oscillated flux (white). At T2K energies, CCQE is the leading interaction type,

however NC and CC17m contribute significantly at higher energies. Reproduced
from [39].

1.3.1 Interaction Types

Neutrino interactions with nuclei can be separated into two groups, charged current
(CC) and neutral current (NC) interactions, corresponding to the exchange of a W
and Z boson respectively. At the GeV scale, interactions are possible across the entire
nucleus coherently, with a single nucleon and even with individual quarks, the most
common of these being a single nucleon interaction.

These CC and NC interactions can be further broken down by the interactions
of the struck nucleon or quark within the nucleus. Due to the complexity of nuclear
modelling, the number of possible interactions is high, hence for analysis purposes,
many of these are grouped according to the number and types of observable particles
escaping the nucleus.

The cross-section of some of these interactions in the energy range of relevance
for T2K can be seen in Fig 1.9. Several interaction types are possible in this energy

range, each requiring consideration for a full understanding of T2K data.
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CCorr

The dominant interactions in the low to medium energy region of the T2K and HK
flux (0—1GeV) are CCOrr interactions. These are charged-current neutrino interac-
tions which produce no pions escaping the nucleus, there may however be other
escaping hadrons.

This work focuses on water Cherenkov detectors at single GeV energy scale,
hence distinction is not made by number of outgoing hadrons. Such low-energy
hadrons will lack sufficient energy to be detectable via Cherenkov emission.

There are multiple possible in-nucleus interactions that contribute to this overall
interaction type, including charged-current quasi-elastic (CCQE) and the interaction

with a pair of nucleons (2p-2h), schematic diagrams of these can be seen in Fig 1.10.

Va loc_ Vy lzx_

Wi

n p

FIGURE 1.10: Schematic diagrams of a CCQE (left) and 2p-2h (right) interaction.

As can be seen in Fig 1.9 CCQE has a larger cross-section than 2p-2h however the

2p-2h contribution to CCO7r is more significant at higher energies.

CCl1n

At higher incident neutrino energies, a charged-current interaction producing a pion
in the final state becomes the dominant interaction mode, see Fig 1.9.

In the Rein-Sehgal model for resonant pion production [40], the struck nucleon
is excited into a resonant state, this then decays into a nucleon and a pion as seen in

Fig 1.11.
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Depending on the struck nucleon, the outgoing pion may be 7™ or 7. The
reaction producing 71~ is less easily experimentally observed as such a 7t~ is readily

absorbed in the nucleus.

Vi Iy

7T+/7TO

n

FIGURE 1.11: Resonant CCl7mr production via a A intermediate. W is the four-
momentum of the intermediate. The four-momentum transfer from the neutrino to
the nucleon is q.

CC1r events are also possible via non-resonant processes. The MC used by T2K
and HK makes use of a simplified Rein-Sehgal model, including many of the pos-
sible resonant intermediates and their interference along with a non-resonant back-

ground.

NC1r

Neutral current interactions with a single pion in the final state are the most com-
mon, readily detectable NC events in T2K. These proceed via a similar resonant
process to CC17r as in Fig 1.12.

NC7t’ events are of significant interest as these are a major background to select-
ing electron neutrino events at water Cherenkov detectors. In addition, unlike other
CC backgrounds to the electron neutrino samples, NC events are flavour agnostic

and so their contribution is not decreased due to neutrino oscillation.

NC Coherent

Neutral current coherent interactions involve an interaction between a neutrino and
the whole nucleus. This interaction does not excite or break apart the nucleus nor

change its constituent nucleons as shown in Fig 1.13.
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FIGURE 1.12: Resonant NC17r production via a A intermediate. W is the four-
momentum of the intermediate. The four-momentum transfer from the neutrino to
the nucleon is q.
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FIGURE 1.13: Coherent NC17 production on a whole nucleus, leaving the nucleus
unchanged other than recoiling.

The experimental signature of such an interaction is extremely similar to that of
NC1r interactions. The requirement of coherence across the whole nucleus and that
the nucleus remains intact limits the available momentum transfer to the nucleus.
As a result the outgoing pions are produced at a low angle relative to the incident

neutrino.



24

Chapter 2

T2K

2.1 Introduction

The Tokai to Kamioka (T2K) experiment [41] is a current generation long baseline
neutrino oscillation experiment.

T2K produces a beam of muon neutrinos using decay in-flight of charged pions
created by the J-PARC facility. The energy distribution and flavour composition of
this beam before oscillation is measured with a series of near detectors placed close
to the neutrino production point as seen in Fig 2.1. These neutrinos are then allowed
to propagate through 295km of rock before reaching the far-detector (SK). During
travel these neutrinos oscillate as described in §1.2.4, changing the flavour compo-
sition of the beam, in addition to the energy distribution of each flavour component
as seen in Fig 1.7.

Comparing the flavour and energy distributions of neutrinos detected in SK to

those from the near detector, the impact of of neutrino oscillation can be observed.

Super-Kamiokande [ ]

Mt. Noguchi-Goro

2,924 m

Mt. lkeno-Yama
1,360 m

. I 1,700 m below sea level
] . T—

Neutrino Beam

295 km

FIGURE 2.1: Schematic view of T2K, neutrinos are produced at J-PARC and are
measured with the near detectors, these neutrinos then oscillate in flight before
being detected at SK.
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2.2 Accelerator Beamline

The T2K neutrino beam is produced at the J-PARC accelerator complex. A 30GeV
beam of protons is generated and accelerated in three stages; first, H™ ions are ac-
celerated in a linear accelerator up to an energy of 400MeV, these pass through a
charge stripping foil to produce H* before being further accelerated in the RCS
(rapid-cycling synchrotron) up to 3GeV.

Finally these bunches are injected into the MR (main ring), this is a triangular
synchrotron with a 1567m long beam path that is responsible for the final accelera-
tion of the protons. Each beam bunch from the RCS is injected into the MR until a
total of eight bunches are present in the MR, once this is achieved the bunches are
accelerated from 3GeV to 30GeV.

Once this energy has been reached, kicker magnets deflect the beam bunches
into a separate beamline. This allows the entire stored energy in the beam to be sent
towards neutrino production in a window of just 5usec. At current beam power this
is a total of 2.6x10'* protons, carrying a kinetic energy of 1.28M]. This procedure is
repeated every 2.48s [41].

The short window for proton extraction has a number of engineering advantages,
particularly in the magnetic focusing horns in §2.2.2 which would not be able to
operate continuously due to power and heating constraints. The primary physics
benefit is in the reduction of external backgrounds to neutrino detection; by only
accepting events coincident with the known beam timing, background interactions

occurring in the remaining ~2.48s of the cycle can be rejected.

2.2.1 Primary Beamline

The neutrino beamline Fig 2.2 takes these proton bunches and, through the use of
both normal and superconducting magnets, redirects the beam to point West, to-
wards SK.

The protons then pass into the final focusing section, this is a series of ten nor-
mal conducting magnets that focus and direct the beam slightly downwards, so that
the beam is directed 2.5° below the straight-line direction of SK. To aid this aiming,

several SSEMs (segmented secondary emission beam monitors) can be inserted into
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the proton beam path, these record the position and spread of the beam during this

deflection and focusing process.

ﬁ"

’53; ) 4) -I—\

j/ /Secondary beamlmeAl R
ND280 >e— 0
i %
=3 e L

0 50 100 . .
T (1) Preparation section

(2) Arc section

(3) Final focusing section
(4) Target station

(5) Decay volume

(6) Beam dump

FIGURE 2.2: A schematic diagram of the neutrino beamline at ]-PARC. Protons are

focused from the main ring in the preparation section (1), redirected by supercon-

ducting magnets in the arc section (2) and then focused and directed downwards
by the final focusing section (3). Reproduced from [41].

2.2.2 Secondary Beamline

This aimed and focused beam from the primary beamline then passes through a
titanium beam window into the helium vessel. Due to the large size of the helium
vessel it is prohibitively difficult to maintain this volume at vacuum during beam
operation. In order to limit the absorption of the produced pions and prevent the
production of nitrogen oxides, helium at latm of pressure is used.

The beam then passes through the final beam monitor, the OTR (optical transi-
tion radiation monitor), this measures the proton beam position just upstream of the
target. During normal operation, this position data is used in conjunction with data
from a single SSEM further upstream to determine the direction and position with
which the proton beam strikes the target.

Uncertainty on the proton beam direction, position and size play a significant

role in the uncertainty on the final neutrino beam as can be seen in Fig 2.5. As
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discussed in §2.2.3, the precise angle at which T2K's detectors are located relative to
the direction of the neutrino beam affects the mean energy of the neutrino flux.
After passing through the OTR beam monitor, the proton beam is then allowed to
impinge on a graphite target in the target station. This is a 91.4cm long, 2.6cm diam-
eter graphite rod placed within a 250kA magnetic horn, see Fig 2.3. Protons collid-
ing within this rod produce charged pions and kaons of both positive and negative
charge. These escape the graphite rod and are deflected by the magnetic field pro-
duced by the first focusing horn. Depending upon the current passing through the
horn, either positively or negatively charged particles will be focused in the forward
direction. Oppositely charged particles will be deflected away from this direction.

A

(7«\\&& =1

FIGURE 2.3: A cross-section diagram of the first magnetic focusing horn (blue)
and the graphite target (green) within the horn’s inner conductor. Reproduced
from [41].

Two further magnetic horns focus these charged mesons and defocus oppositely
charged mesons. The selected charged mesons are then allowed to decay in flight
down a 96m long decay volume Fig 2.4. At the end of this decay volume is a graphite
and iron beam-dump which blocks any surviving hadrons and muons with mo-
menta lower than 5GeV/c [41].

Beyond this beam-dump, 117.5m from the target, lies MUMON (muon moni-
tor)[42]. This detector uses ionisation chambers with downstream silicon PIN pho-
todiodes to detect penetrating high-momentum muons and reconstruct the profile
of the muon beam in two dimensions. From this it is capable of measuring the beam

direction to a precision of 0.28mrad (0.016°) on a bunch-by-bunch basis [43].
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FIGURE 2.4: A cross-section diagram of the secondary beamline showing the three
magnetic focusing horns, the decay volume, the beam dump and the muon beam
monitor (MUMON). Reproduced from [41].

2.2.3 Neutrino Beam Properties

The mesons escaping the target are primarily composed of 7%, K* and K?. The mag-

netic focusing horns charge select and focus these mesons along the direction of the

incident proton beam. In neutrino mode operation, the horns select and focus posi-

tively charged mesons while defocusing negatively charged mesons, this is Forward

Horn Current (FHC) while antineutrino mode reverses the direction of the current

in the horns (Reverse Horn Current) to select negatively charged mesons.

In FHC there are four parent particles that dominate the neutrino flux, Table 2.1

shows the decay modes of these parents that produce neutrinos and their branching

ratios.
nt— BR |K'— BR | K} — BR |y — BR
put+v, 1 99.99% | ut + v, 63.6% | mF +eT 40.6% | et + 7, + v, | 100%
7t + 70 20.7% | 7t + uF +v, | 27.0%
nt+nt+ | 5.6% | i+ + 710 | 12.5%
0 +et +v, 5.1%
O +ut+v, | 34%

TABLE 2.1: The decay modes producing neutrinos for the four major neutrino par-
ent particles [15]. Note, some decay chains are possible such as 7+ — ut — e™.
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FIGURE 2.5: The sources of systematic uncertainty on the T2K flux prediction. Un-
certainties in hadron production are dominant for much of the energy range, how-
ever around 1GeV proton beam properties become significant. The major change
from 13av3 to 13av4+ is the use of hadron production data from a replica of the
T2K graphite target made by the NA61/SHINE experiment [44], drastically reduc-
ing hadron interaction uncertainty. Reproduced from [45].
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Off-axis Principle

By far the most dominant decay is 7+ — u* + v}, which results in a final neutrino
beam primarily composed of v, with contamination of 7, (wrong sign) from scat-
tered 7~ and u* decays.

While these charged pions can be focused into a tight beam by the magnetic fo-
cusing horns, the momentum imparted by its decay on the resulting neutrino cannot
be eliminated. The neutrino beam will therefore have a significantly broader angular
distribution than the pion beam, along with a different energy distribution.

From two-body decay kinematics, the energy of a neutrino emitted by a decaying

boosted 71" depends on the angle of emission according to:

2 2
e~ M 2.1)

2(\/p% + mE — prcos(Bi))

Here E, is the neutrino energy in the lab frame, p, is the pion momentum in

E,

the lab frame and 0, is the angle of the outgoing neutrino with respect to the pion
direction, the ‘off-axis angle’.

For 6;,, = 0 and p,; > m the neutrino energy is proportional to pion momen-
tum. The pions produced by the proton beam striking the target are produced with
a broad range of momenta, hence the neutrinos produced directly on-axis have a
similarly broad energy distribution.

For non-zero values of 0;,, the denominator does not cancel to first order in p,
thus higher momenta pions may produce lower energy neutrinos for a given off-
axis angle, as seen in Fig 2.6. A broad range of pion momenta can therefore produce
neutrinos of similar energy, this has the effect of compressing the neutrino energy
spectrum and reducing the peak energy compared to an on-axis beam.

For T2K this is useful as the direction of the beam can be adjusted to align the
neutrino energy peak with the first oscillation maximum as seen in Fig 2.7. This
maximises the proportion of muon neutrinos that oscillate into other flavours by the
far detector [41].

Not all of the neutrino flux arises from pion decay, both muon and kaon decays
contribute, these have decay modes via a three-body process and do not exhibit the

same off-axis energy dependence as the pion decay kinematics. Figs 2.8 and 2.9 show
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FIGURE 2.6: The energy of a neutrino produced by a 7+ decay as a function of

the decaying pion momentum and off-axis angle of the outgoing neutrino. At 2.5°

off-axis, a wide range of pion momenta centred around 3GeV/c yield a neutrino
with energy 0.6GeV.
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FIGURE 2.7: The survival probability of muon neutrinos at 295km as a function of

neutrino energy (top). The unoscillated v}, fluxes for three different off-axis angles

from the neutrino beam (bottom). T2K uses an off-axis angle that maximises the
impact of oscillation on v, event rate. Reproduced from [46].
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the contribution of each decay parent to the resulting neutrino flux for neutrino and
antineutrino operation respectively.

In neutrino (antineutino) mode, the v, (7,) flux peak at 600MeV and is com-
posed of neutrinos from charged pion decays as discussed above, the high energy
tail comes from the more massive charged kaon decay. The v, (7,) contamination of
the flux primarily comes from muon decays that in turn are a result of charged pion
decays, however there is a significant secondary contribution from kaons. Due to
the reduced production rate of 77~ relative to 7t", the total flux in antineutrino mode

is slightly lower than neutrino mode, with a larger wrong sign component.
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FIGURE 2.8: Beam MC showing the unoscillated neutrino flux at SK in neutrino

beam operation along with the parent particle of those (anti)neutrinos. Reproduced
from [45].

2.2.4 Simulation

The flux simulation uses FLUKA 2011.2c.6 [45][47] to simulate the proton beam in-

teraction in the baffle and graphite target. Hadrons escaping the graphite are passed
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FIGURE 2.9: Beam MC showing the unoscillated neutrino flux at SK in antineutrino
beam operation along with the parent particle of those (anti)neutrinos. Reproduced

from [45].
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to JNUBEAM, a GEANT3[48] based simulation package which propagates the parti-
cles through the field created by the magnetic horns. Hadronic interactions outside
of the target, e.g. with the magnetic horns and structure are modelled with GCALOR
1.05/04 [49] within JNUBEAM.

The hadronic interactions are then tuned using data from the NA61/SHINE ex-

periment [44].

2.3 The Near-Detector complex

FIGURE 2.10: The T2K near-detector complex, ND280 sits on the highest level,

here shown with the magnet open. INGRID lies below ND280 with the vertical

and horizontal arms offset along the beam direction. Additional detectors such as
WAGASCI/Baby-MIND are present but not shown. Reproduced from [41].

In order to make precision measurements of neutrino oscillations it is necessary
to precisely measure both the properties of the neutrino beam and of neutrino-
nucleus interactions. T2K makes use of its near-detector complex to achieve these
goals as seen in Fig 2.10. The complex includes several neutrino experiments such
as WAGACI/Baby-MIND [50][51] and NINJA [52] however the two T2K detectors
are INGRID (interactive neutrino grid) [53] and ND280 (near detector at 280m) [41].
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2.3.1 INGRID

The INGRID detector is an on-axis neutrino beam monitor used to measure both
the position of the centre of the neutrino beam and its width. This serves as an
additional check on the off-axis angle of ND280 and SK and is able to provide daily
measurements of the direction of the beam to a precision of 0.4mrad (0.02°) [41].
The detector is composed of 16 identical modules arranged in a cross shape in a
direction perpendicular to the neutrino beam axis as shown in Fig 2.11 and located
280m downstream of the pion production target. The arms of the cross have a length
of 10m and cover angles of 4= 18mrad (1.0°) in both the vertical and horizontal axes
of the beam. The two additional modules located above the main horizontal arm are

used to investigate the axial symmetry of the beam.

FIGURE 2.11: The full INGRID detector (left) is composed of 16 iron and scintilla-

tor modules (right). The centre of the neutrino beam passes through the centre of

the INGRID cross and can be monitored for width, position and symmetry. Repro-
duced from [41].

Each module is composed of alternating layers of iron target and polystyrene
scintillator. In total 11 layers of scintillator with nine layers of iron are used, giving
a target mass of 7.1tons per module (4.4tons fiducial) [54]. Each scintillator layer
is composed of two sets of scintillator bars, one set oriented vertically and the other
horizontally to allow for 2d reconstruction of the particle track. Each bar is 1cm thick
in the beam-direction and 5cm wide with a wavelength shifting fibre passing down
the full length of the bar. This fibre is read out by an MPPC (multi pixel photon

counter) attached at one end.
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Surrounding each module on the sides are a series of veto planes composed of

polystyrene scintillator as seen in Fig 2.11, these act to identify and exclude back-

grounds entering the module from the sides.

With these, INGRID fits a Gaussian profile to the beam in order to to determine

the beam centre, width and intensity as shown in Fig 2.12.
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FIGURE 2.12: A Gaussian fit to determine the centre of the neutrino beam used by
T2K. Each data point corresponds to the event rate in an INGRID module, horizon-
tal (left) and vertical (right). Reproduced from [55].

2.3.2 ND280

Having created a high intensity neutrino beam and measured its direction, it is pos-
sible to measure the oscillated flux with a far-detector and extract a constraint on
oscillation parameters. Such a constraint would rely heavily on models of neutrino
flux and interaction cross-section which would quickly become limiting to the over-
all sensitivity. A detector capable of measuring the flux and interaction cross-section,
before oscillation, could allow for a stronger constraint on these systematic uncer-
tainties, allowing the overall experiment to recover tighter constraint on oscillation
parameters.

ND280 fulfils this role in T2K, being responsible for the measurement of cross-
section for the different possible interaction types, along with properties of the flux
such as the relative v, to 7, contribution.

In order to achieve these goals ND280 is a significantly different detector design

than the far-detector SK. This choice is designed to allow ND280 to investigate, in
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detail, the properties of neutrino interactions, in a way that would not be possible
with a water-Cherenkov based near-detector.

ND280 is located 280m downstream from the pion production target directly
above INGRID as in Fig 2.10. This places ND280 at an off-axis angle of 2.5° relative to
the neutrino beam, the same as the far-detector, to ensure both detectors experience
the same incident flux.

The detector itself is a magnetised tracking detector composed of six main parts
as shown in Fig 2.13. The central core contains the target mass and trackers, the
polystyrene-based FGDs (fine grained detectors) act as the target mass as well as
providing tracking. These are sandwiched between TPCs (time projection cham-
bers), these provide charged particle momentum reconstruction and particle identi-
fication.

These FGDs and TPCs are contained within ECALSs (electromagnetic calorime-
ters) used to measure the energy of escaping particles. All of this is contained within
a magnetic field to provide track curvature for charge identification as well as TPC

momentum reconstruction.

SMRD

UA1 Magnet Yoke

POD
(mo- Downstream

W‘ ECAL

Solenoid Coil

Barrel ECAL

FIGURE 2.13: An exploded diagram of ND280. The main basket contains the P@D,

three TPCs, two FGDs and a downstream ECAL. These are used as the target

masses and for tracking. This basket is surrounded by ECALs and a magnet system
utilising the UA1 magnet. Reproduced from [41].
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FGDs

The target mass for ND280 comes from two FGDs (fine grained detectors) [56],
these are composed of square bars of extruded polystyrene scintillator of dimensions
9.6mm x 9.6mm x 1864mm which have a white reflective TiO, coating and a single
WLS (wavelength shifting) fibre passing through a hole along the full length of the
bar. These bars are arranged in planes, containing 192 bars each. Two such planes
are arranged into a single “XY” module with one plane of bars oriented horizontally
and one oriented vertically.

FGD1 (the upstream FGD) is composed of 15 such modules while FGD2 (the
downstream FGD) uses seven modules with six 2.5cm thick water fillable reservoirs
between the layers, both have a target mass of approximately 1.1 tons [56]. By com-
paring the event distributions in both FGDs, the interaction cross-section on oxygen
can be determined, allowing for measurements of interactions on the same target
nucleus as used in SK. Each of the scintillator bars are readout using an MPPC at-
tached to one end of each of the WLS fibres. This layer structure coupled with the
fine segmentation allows for 3D tracking of charged particles as they travel through
the FGDs.

For particles that stop before reaching the TPCs, such as pions or protons at high
angles relative to the incident neutrino beam, the energy deposition and track length
within the FGD can be used to determine particle energy and PID. Using this, it is
possible to distinguish protons from minimally ionising particles such as muons or
pions, as can be seen in Fig 2.14. This is particularly important for analyses investi-

gating the hadronic properties of an interaction [57].

TPCs

Three TPCs (time projection chambers) are used in ND280, arranged with an FGD
between each TPC as seen in Fig 2.13. The first TPC acts to veto charged particles
entering the first FGD from neutrino interactions upstream, either from the P@D or
interactions in the magnet yoke. Subsequent TPCs are used to determine particle
momentum from the curvature of the track in the magnetic field, in addition to PID

(particle identification) from the energy deposition along the track, as can be seen in
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FIGURE 2.14: The relationship between track length and energy deposition for
stopping particles in FGD1. The curves show MC expectation for protons, muons
and pions while the histogram shows observed neutrino data. This can be used to
determine PID and energy of particles not entering a TPC. Reproduced from [56].

Fig 2.15. Using this energy deposition method, the probability of mis-identifying an
electron as a muon is 0.2% for particles of momenta below 1GeV/c. The resolution
on muon momentum as a function of transverse muon momentum can be seen in
Fig 2.16, the resolution is best for particles with lower momenta and therefore higher

track curvature.
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FIGURE 2.15: The distribution of energy loss against particle momentum in

the TPCs for positively charged particles in FHC operation. The curves show

the expected energy deposition while the histogram shows neutrino interaction

data. Clear separation between protons and MIPs can be seen at momenta below
1GeV/c. Reproduced from [58].

The TPCs are composed of an outer and inner box, the inner box contains an
argon, tetrafluoromethane, isobutane drift gas mix [58]. In the centre of the TPC
is a cathode plane as can be seen in Fig 2.17. Charged particles passing through

the gas ionise the gas ejecting electrons, these electrons drift in the field created by
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FIGURE 2.16: The fractional error on the reconstructed muon momentum perpen-

dicular to the applied magnetic field for a muon passing through a single TPC. The

measurement is based on track curvature in the magnetic field, hence higher mo-

mentum muons are less precisely measured. The dashed line corresponds to the
design goal of the TPCs. Reproduced from [58].

the cathode towards the sides of the TPC, here they are amplified and detected by
a micromegas detector [59] [60]. The reconstruction ability of ND280 is enhanced

when particles traverse multiple TPCs as is the case for high-momentum muons

such as that seen in Fig 2.18.
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FIGURE 2.17: The gaseous argon TPCs used at ND280. The TPC has two sections

separated by a central cathode. Transiting charged particles ionise the gas, the

resulting electrons drift to the Micromegas detectors and the particle track recon-
structed. Reproduced from [41].
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FIGURE 2.18: An example event in ND280 here an entering muon passes through

the POD, the first two TPCs and the first FGD before interacting in the second FGD.

The resulting secondary particles are tracked by the final TPC and are stopped by
the ECALs. Reproduced from [41].

POD

The 71° detector (P@D) is the most upstream component of ND280 and is intended
to measure NC7t¥ neutrino interactions on water. The P@D uses alternating XY’
layers of triangular scintillator bar interleaved with layers of brass and water fillable
bags as in Fig 2.19. At the upstream and downstream ends of the PD these brass
and water layers are replaced with lead in order to act as an ECAL and improve the
containment of electromagnetic showers from the 0 decay photons [41].

Each scintillator bar is a triangular prism, the outer edges are impregnated with
white reflective TiO, to reduce light leakage to adjacent bars and to increase the
amount of light entering the WLS fibre that passes through a central hole in the bar.
This WLS fibre is readout via MPPC at one end with the other end being covered in
a reflective coating to increase light yield.

Each XY scintillator layer is composed of 134 vertical and 126 horizontal scintil-
lator bars giving a total layer size of 2340mm x 2200mm X 34mm (width x height
x length). The POD contains 40 such XY layers with 25 layers of water and brass, of
thickness 28mm and 1.5mm respectively [61].

The ECAL sections of the POD are composed of seven ‘XY’ layers with a 4mm
thick stainless steel and lead sandwich between each layer. The total mass of the
PAD is 13.3 tons and 16.1 tons with the water layers filled, the fiducial mass of water

in the detector being 1900kg.
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FIGURE 2.19: A cross-section of the PUD, showing the scintillator, brass and fillable
water layers. Reproduced from [41].

ECAL

The central detector core of ND280 is surrounded by ECALs as seen in Fig 2.13,
these act to contain and measure the energy of any charged particles escaping the
central core. There are three main groups, the PUD ECAL, the barrel ECAL and the
downstream ECAL.

All three ECALSs are of similar construction, consisting of alternating sheets of
lead and bars of PPO doped polystyrene scintillator. All of these bars have a TiO,
coating to improve light containment in the bar and a thickness of 10mm, width of
40mm and varying lengths depending on application [41]. Readout is provided by
a WLS fibre passing through a hole in the scintillator bar with an MPPC attached to
one or both ends of the fibre.

The thickness and number of lead sheets is different in each ECAL. Both the
barrel and downstream ECAL use 1.75mm thick sheets with 31 and 34 layers respec-
tively, providing in excess of 9X) to ensure containment of electrons and photons.
While the six POD ECALs are each composed of five layers of 4mm thick lead sheets
interleaved within six layers of scintillator bars, giving a total radiation length of

4.3X,.
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Magnet

This central assembly (basket) of detectors are contained within a 0.2T magnetic
field. This allows for reconstruction of charged particle momentum from track cur-
vature and identification of the sign of their charge. This is particularly important
for the discrimination between neutrino and antineutrino interaction events.

The magnet consists of four water-cooled aluminium solenoid coils and an iron
return yolk, both reused from the UA1/NOMAD experiments. The four aluminium
coils surround the central basket, as seen in Fig 2.13. A DC current of 2900A passes
through each of the coils, generating a dipole field. This field was mapped with a se-
ries of Hall effect probes yielding a final uncertainty on each orthogonal component
of the field of 2 Gauss (2 x 1074T) in the 0.2T field. [41]

The return yolk acts to confine the stray magnetic field outside of the detector
region and reduce the power requirement for the solenoid coils. This yolk is com-
posed of 16 ‘C” shaped sections that encloses the detector and solenoids arranged
in pairs of two. When the magnet is closed these sections combine to surround all
four sides of the basket. Each section is composed of 16 layers of steel plates, with a

thickness of 4.8cm, between each plate is a 1.7cm thick air gap.

SMRD

The Side Muon Range Detector (SMRD) are a series of 440 scintillator modules
placed in the air gaps between the steel plates that make up the magnet return yolk.
These are used to identify incoming cosmic ray muons that penetrate the detector in
addition to detecting muons exiting the detector at high angles relative to the beam

and muons from neutrino interactions outside of the detector volume.

2.4 Super-Kamiokande

As a far-detector, T2K makes use of the SK detector. This is a water-Cherenkov

detector located 295km west of the J-PARC facility, underneath Mt. Ikenoyama.
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2.4.1 Water Cherenkov Principles

A water Cherenkov detector consists of a volume of water that acts as a target mass.
When a charged particle passes through this water faster than the local phase veloc-
ity of light, optical photons are emitted in a cone around the direction of travel of
the particle. This light may then be detected by photon detectors instrumenting the
water volume, most commonly PMTs (photomultiplier tubes). This phenomenon
allows for detection of charged particles travelling faster than 0.75¢c, the velocity of

light in water.

2.4.2 Super-K Construction

The detector consists of a cylindrical cavern lined with stainless steel and backfilled
with concrete, resulting in a vertical cylindrical volume of height 42m and diameter
39m and able to hold 50kton of pure water [62]. Within this volume a stainless
steel scaffold cylinder divides the volume into the ID (inner detector) and OD (outer
detector) regions as seen in Fig 2.20. The OD region has a thickness of approximately
2.7m on the sides (barrel) and 2.6m at the top and bottom on the cylinder (end caps).
The ID volume has a diameter of 33.8m and height 36.2m.

The ID volume is instrumented by 11,129 PMTs arranged on the inner surface
of the support scaffold, in a 70cm square grid. Each PMT has a diameter of 50cm
with a peak quantum efficiency of 21% for 380nm light. This gives a total of 40%
photocathode coverage on the ID surface.

In order to reduce the impact of the earth’s magnetic field on the PMT perfor-
mance, a set of 26 vertically and horizontally aligned Helmholtz coils are arranged
around the inner surface of the tank. These act to reduce the average field felt by the
PMTs from 450mGauss to approximately 50mGauss [62]. The inner surface of the
support structure is covered in a black plastic sheet in order to limit light reflections
within the ID as well as optically isolate the OD and ID volumes.

The OD is instrumented with 1,885 smaller 20cm PMTs, the light collection ca-
pacity of these is augmented with a wavelength shifting plate attached to each PMT.
These plates are square acrylic panels with width 60cm and thickness 1.3cm. These

act to capture UV photons and convert them to optical frequencies to which the PMT
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FIGURE 2.20: A cutaway diagram of SK showing the central ID region surrounded
by PMTs.

is more sensitive. This improves the sensitivity of each PMT by a factor of 1.5. In
addition, both surfaces of the OD region are covered in a white reflective Tyvec® to
increase the probability of photons reflecting onto the PMTs [62].

The OD acts as a veto for cosmic ray muons as well as for interactions occurring
outside of the ID volume or escaping from the ID. To reduce backgrounds from ra-
dioactive decays in the support structure and the surrounding rock, a variable veto
region from the wall of the ID is used, this ranges from 50cm to 80cm depending on

sample. In total, the available fiducial mass is approximately 28kton.

2.4.3 Particle Identification

For T2K it is necessary to identify the neutrino flavour in order to extract oscillation
properties, in particular, separating v, and v, events is critical to measurement of
dcp. This can be achieved for charged-current interactions by identifying the charged
lepton produced.

Due to their high mass, muons travelling through the water volume are not scat-

tered significantly as they propagate. The Cherenkov light therefore forms a sharp
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edged ring, this then propagates to the ID wall where the PMT response shows a
sharp ring Fig 2.21(a). Electrons by contrast have a much lower mass and scatter
as they propagate, the light they produce is therefore a combination of many faint
overlapping rings. The resulting pattern on the ID wall is therefore of a ‘fuzzy’ ring

Fig 2.21(b).
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FIGURE 2.21: Event displays of two T2K neutrino interaction events in SK. A muon
candidate (top) results in a sharply defined Cherenkov ring on the ID PMTs while
an electron (bottom) produces a diffuse ring.

T2K uses a maximum likelihood based reconstruction method fiTQun [63][64].
This takes the PMT hit times and charges then maximises a likelihood of observing
the measured distributions under several different particle hypotheses, for freely

varying particle momenta and positions. In this way, a best-fit likelihood for each
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combination of particles is obtained in addition to the best-fit kinematic properties
of those particles.

The likelihood used for this fitting is given by:

L(x) = H Pi(unhit]x) X H Pj(hit‘x)fq(qi|x)ft(ti|x)

icunhit jehit

Where x is a parameter vector describing the properties of the particles involved
in the production of the event, momentum, position etc. The products run over all
hit and unhit PMTs, P;(hit|x) is the probability of the ‘i’th PMT being hit given the
track parameters x. The f;(g;|x) and f;(t;|x) denote the probability that the ‘i"th PMT
observes a total charge of g; and is hit at time t; respectively, given track parameters
x. The MC simulation used for these probabilities is a custom Geant3 [48] based
simulation package SKDETSIM [62].

This likelihood is maximised with respect to x in order to obtain the best-fit track
properties. A cut can be placed on the likelihood value of the best-fit hypotheses for

the creation of analysis samples.

2.4.4 Energy Reconstruction

As the oscillation probability depends strongly on neutrino energy, it is advanta-
geous to reconstruct the energy of the incident neutrino from the properties of the
outgoing particles observed in the detector. For this, SK assumes interactions are
CCQE as in Fig 1.10(a) and uses the outgoing charged lepton kinematics to infer the

original neutrino energy.

e _ 2MyE; — M} + M3, Fo My, ;
CCQE 2(Mn,; — E; + prcos )

(2.2)

Here My, and My s are the mass of the initial and final nucleon respectively. M;,
E;, p; and 6; are the outgoing charged leptons mass, energy, momentum and angle
relative to the incident neutrino respectively.

While this reconstruction works well for true CCQE interactions, events with
outgoing undetected particles or those with different interaction kinematics will re-

construct with biased energy relative to the true incident neutrino energy.
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Chapter 3

Hyper-Kamiokande

3.1 Introduction

The HK experiment is a next-generation neutrino observatory and proton decay ex-
periment currently in the construction phase. The major component of this is the
HK detector, a new water-Cherenkov detector of similar construction to SK but with
more than eight times the fiducial mass.

Using this large instrumented mass, HK will expand on the success of SK, with
physics aims including world-leading sensitivity to proton decay [65], atmospheric
neutrino oscillation and solar neutrino observation [66].

HK includes a long-baseline neutrino oscillation component, the successor to
T2K. This reuses many components from the T2K experiment but with a number
of upgrades to the beam and near-detectors along with a new detector the INCD
(Intermediate Water Cherenkov Detector), see Fig 3.1.

The principle of operation is identical to T2K; muon neutrinos produced at J-PARC
are measured by a near detector suite, then allowed to oscillate in-flight before reach-
ing the far detector HK, here the energy and flavour distribution can be measured.
The use of HK as the far-detector will allow for the collection of an unprecedented
number of neutrino events in the far detector, which will allow for world-leading

physics sensitivity [66].

3.2 Beamline

HK will make use of the same J-PARC beamline currently used by T2K (see section

2.2) but with a number of upgrades scheduled to increase neutrino beam flux.
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FIGURE 3.1: A schematic diagram of the LBL component of HK, muon neutrinos
produced at J-PARC are detected by the near-detector suite, the IWCD and the HK

detector.

The overall goal of the beamline for HK is to deliver a proton beam with equiv-

alent continuous power of greater than 1.3MW [66] [67]. This will be achieved

through an upgrade to the beamline power supplies and RF cavities. The goal of

this is to allow for an increase in the repetition rate of the beam, from the current

T2K 2.48s to a goal of 1.16s. Along with this, the number of protons per pulse is set

to increase from 2.5

W)

K
N
o
=}

n
o
o

[TTI[ T T T[T T TrrT

|

Lo bovna b b b RN FRE

1000

MR Beam Power [K

800

600

400

200

ol—
2016
Jan.

x 10 to 3.2 x 10'* protons per pulse as seen in Fig 3.2 [67].
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FIGURE 3.2: The J-PARC beam power upgrade road map. The solid red line shows
the beam power while the green histogram shows the deliverable POT (protons on

target) per year, a
is expected to r

ssuming 6 months of running with 90% uptime. The beam power
each 1.3MW at the start of HK running. Reproduced from [67].

In order to reduce the wrong-sign component, the three magnetic focusing horns

will have their current increased from the 250kA used by T2K to 320kA.
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3.3 Near-Detector Complex

HK intends reuse the existing near-detector suite of INGRID and ND280. As part of
T2K-II, ND280 will undergo an upgrade to include a new sFGD (super fine grained
detector) detector component [68]. This will consist of over 2 million Iem X lecm
x1cm doped polystyrene scintillator cubes, arranged in a grid. Each cube has three
WLS fibres passing through in the X, Y & Z axes, these are readout by MPPCs (multi
pixel photon counters) at the ends of each fibre and allow for 3D tracking of charged
particles in the sFGD.

This sFGD is sandwiched between two TPCs arranged vertically above and be-
low the sFGD, this allows for the tracking and momentum measurement of charged
particles exiting sFGD at high angles relative to the incident neutrino beam, see Fig

3.3.

FIGURE 3.3: The ND280 upgrade proposal includes a new Super-FGD (grey) placed

within two ’high-angle” TPCs (brown). This arrangement will enable ND280 to

perform measurements of neutrino interaction with outgoing particles travelling
transverse to the beam direction. Reproduced from [68].

With finer granularity than the existing FGDs and coverage of a greater angular
range for outgoing particles, ND280 upgrade will be able to make improved mea-
surements on 2p-2h cross-section, the Q% dependence of CCQE and pion absorption
[68]. It will however still be limited by its relatively low 2.2t mass for measurement

of v, and 7, cross-section in the sub-GeV energy range.

3.4 Intermediate Water Cherenkov Detector

In addition to the upgraded near-detector, HK includes an entirely new detector, the
IWCD (Intermediate Water Cherenkov Detector). This is a half-kiloton scale water

Cherenkov detector, located approximately 1km from the neutrino production point.
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FIGURE 3.4: A diagram of the IWCD showing the detector located inside the water
filled pit. By raising and lowering the detector, the angle relative to the centre of
the beam can be varied.

The IWCD is composed of an approximately 8m diameter, 6m tall cylinder, filled
with pure water and instrumented with PMTs on its inner surface. The detector sits
within a 11m diameter, 50m deep cylindrical pit as seen in Fig 3.4. The purpose of
this shaft is to allow the detector to move vertically relative to the central axis of the
neutrino beam. This allows for the detector to measure the beam at different off-axis
angles, due to the decay kinematics discussed in §2.2.3 the neutrino flux has a strong
dependence on this off-axis angle. The IWCD can therefore make measurements of

regions of the beam with different energies and neutrino compositions.

Construction

The design process of the IWCD is still ongoing, hence some details of the construc-
tion discussed here will not match the final detector design.

The IWCD is planned to consist of two stainless steel cylinders, the larger cylin-
der of diameter 10m and height 8m will sit within the 11m diameter pit. This acts to
isolate the detector volume from external light and includes flotation spaces to allow
the IWCD to be only slightly negatively buoyant in the water in the shaft. Within

this outer cylinder is a 8m diameter 6m tall stainless steel scaffold which divides the
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volume into the OD region and the ID region. Similarly to SK, the INCD’s ID sur-
face will be covered by a black, light absorbent plastic sheet to limit reflections and

to optically isolate the ID from the OD.

Instrumentation

Due to the small scale of the IWCD, traditional large PMTs such as the 50cm PMTs
used by SK [62] will not provide sufficient granularity to accurately reconstruct neu-
trino interaction events. The IWCD will therefore use new mPMT (multi-photomultiplier
tubes) modules for ID instrumentation.

The mPMTs are structures composed of 19 small 8cm PMTs arranged within an
acrylic dome as seen in Fig 3.5. This design allows for a larger number of PMTs to

be contained in the same 50cm footprint of the SK PMTs.

FIGURE 3.5: A model of the ‘multiPMT’ modules that will be used by the IWCD, 19

small 8cm PMTs are arranged into a single module allowing for higher granularity

and more precise timing response than possible with the 50cmm PMTs used by the
far-detector of HK.

In addition, the mPMT modules include a scintillator plate at the rear of the
module. This will be used to identify entering backgrounds from upstream neutrino

interactions and provide a measurement of detector pile-up.

Off-Axis Principle

A major feature of the IWCD is its ability to be moved within the vertical shaft it
resides in. This movement changes the off-axis angle of the beam being measured.
Due to the decay kinematics of pions from §2.2.3 these different off-axis regions ex-
perience different neutrino fluxes. Notably, muon neutrinos, primarily produced by

pion decay have a strong dependence on off-axis angle, with higher angles having a
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lower energy flux peak and overall lower integrated flux, electron neutrinos by con-
trast are primarily produced via the three-body decay of muons, the off-axis effect is

therefore less significant as can be seen in Fig 3.6.
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FIGURE 3.6: The dependence on off-axis angle on the v, flux (left) and the v, flux

(right) for FHC operation. The v, flux shows a strong dependence on off-axis angle,

with higher angles having a lower energy. The v, flux shows a significantly smaller
dependence on this angle.

This will in principle allow for better decoupling of flux and cross-section effects,
by taking samples from different off-axis angles, different energy fluxes can be ob-
served, allowing for inference of different interaction cross-sections as a function of
neutrino energy. This reduces the reliance on accurate kinematic reconstruction of
events necessary to infer cross-section as a function of energy with a fixed detector.
Additionally, as the v, flux does not drop off as rapidly with off-axis angle as the v,
flux, the flavour composition of the beam varies with this angle, the highest purity

v, region being at the most off-axis angle.

Goals

The IWCD aims to provide a precise measurement of v, and 7, charged-current cross-
section in kinematic regions relevant to the HK v, appearance channel. Present mea-
surements of this cross-section are hampered either by low statistics [69][70][71] or
large systematic uncertainties in the energy range relevant to HK [72].

The 300t ID mass of the INCD and proximity to the source of the neutrino beam
will allow for tens of thousands of v, events events to occur within the detector. If a
sufficiently pure sample of these events can be constructed, a fit to this data could be
performed to directly measure the v, cross-section in the energy range of relevance

to HK.
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As the IWCD can be located at the same 2.5° off-axis angle as HK, it can be used
to directly measure the intrinsic v, and 7, contamination of the beam. This intrinsic
contamination is an irreducible background at HK to the electron neutrino appear-
ance channel.

The IWCD will also be able to provide a sample of approximately 200 000 neu-
tral current 710 events, allowing for a precise determination of the interaction cross-
section for this process. NC backgrounds, in particular NC7t? events are the largest
background to the electron-like samples at HK [66][73] and so will also impact CP
sensitivity.

Finally it may be possible to perform a more model-independent neutrino os-
cillation analysis; through addition and subtraction of different off-axis slices, it is
possible to obtain an event distribution corresponding to that of an oscillated neu-
trino flux. By varying the relative weights of the slices, fluxes corresponding to a
chosen set of oscillation contours can be produced, this sample can then be used in

an oscillation fitter [74].

3.5 Hyper-Kamiokande Detector

The major component of the HK project is the HK detector itself Fig 3.7. This is a
water Cherenkov detector of similar design and construction to SK in §2.4.
HK will be considerably larger than SK, with total water mass of 258kton and a

fiducial mass of 187kton [75]. This is equivalent to 8.3 x the fiducial mass of SK.

Construction

The HK detector will consist of a vertically aligned cylinder of diameter 68m and
height 71m. Similarly to SK, a stainless steel scaffold will divide the volume into the
ID region, with diameter 64m and height 66m and the OD region with a thickness of

approximately 1m in the barrel section and 2m in the end caps.

Instrumentation

The ID surface of HK will be instrumented with 50cm PMTs. The present plan calls
for a minimum of 20,000 PMTs, giving 20% photo-coverage [75]. These PMTs will
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FIGURE 3.7: A cutaway of the HK detector showing the cylindrical construction
and inner and outer detector regions.

however have significantly higher quantum efficiency than those used in SK result-
ing in a similar effective light collection to the 40% photocoverage in SK.

These 50cm PMTs will be augmented with mPMTs [76] of a similar design as the
IWCD mPMTs described in §3.4. The OD region will consist of 7600 small 8cm PMTs

with an attached WLS plate to increase the light collection efficiency [77] [66].

3.5.1 Jcp Measurement

The scale of HK and the increased beam power will allow for the selection of over
3000 signal oscillated v, and 7, CC events [66]. This represents a greater than 30 x
increase over the data collected by T2K at present [73].

The impact of different values of écp on these 1Re (1 Ring electron) samples can
be seen in Fig 3.8, maximal CP violating values of dcp (-90°, 90°) yield changes to the
overall event rate in both samples. With opposite behaviour for the FHC and RHC
samples. The CP conserving value of écp =180° results in a change in the shape of
the distribution with little change in the overall event rate.

This large dataset will provide the necessary statistical power to differentiate
such changes as in Fig 3.8. However systematic uncertainties on the v, and 7, event
rates can become limiting over statistical uncertainty. This becomes a significant
problem in the case of a non-maximal value of dcp, here systematic uncertainty may
prevent HK from making a discovery statement with the expected exposure. Con-

trolling systematic uncertainty is therefore key for the greatest CP sensitivity.



Chapter 3. Hyper-Kamiokande

56

Neutrino mode: appearance Antineutrino mode: appearance
% F Zz
= 300> Z 200 —o=0°
w C wn C N o
= 250 = £ —0=90
2 E £ 200F
S 2005 N
& F S 1s50F
S 150 © r
S £ = E
é 100 é 100
Z s Z s
ot A R PR NN B R i oC . A I I
0 0.2 04 0.6 0.8 1 12 0 0.2 04 0.6 0.8 1 12
Reconstructed Energy E* (GeV) Reconstructed Energy E}* (GeV)
Z ow00F T T T T Z owW00F T T T T T
= § = § — (8=90°) - (5=0°)
e [ e [ — (5=-90°) — (3=0°)
g r I r
3 s 5 e (5-180°) — (520°)
5 f 5 f RS RRREY
L L . el Tl
3 o- o 3 oL etisll IS A O SFRPEY
s b s p Trtirgg
o o Ye1r11d Lot
@ F @ F legdot!
R o trt
g 50 s -50r
3 F 3 F
g g
B 00 B-100, L 1
0 0.2 04 0.6 0.8 1 12 0 0.2 04 K . 1 12
Reconstructed Energy E;“ (GeV) Reconstructed Energy E\"“ (GeV)

FIGURE 3.8: Top: the expected 1Re event distributions of the full HK beam dataset,

the effect of different dcp values is shown. Bottom: the difference from the dcp =0

distribution, error bars correspond to statistical uncertainty alone. sin® 6,3 = 0.026
and normal hierarchy assumed. Reproduced from [66].



57

Chapter 4

Bayesian Methods

In the T2K analysis, MC is weighted according to a model with 772 free parameters,
in order to fit to binned data from the experiment. Such a high-dimensional model
is challenging to fit with conventional methods. In addition, some parameters are
expected to exhibit non-Gaussian behaviour, further complicating the analysis. Fi-
nally, T2K does not exist on its own, and a number of constraints (priors) on many
of these parameters are available from external data and should be included where
possible to improve the sensitivity of the experiment. Bayesian methods and MCMC
(Markov chain Monte Carlo) offer the ability to efficiently handle each of these re-
quirements, in order to obtain measurements of the desired physics parameters of
interest.

As Bayesian and the more common frequentist analysis methods differ in a num-
ber of regards, it is useful to describe here the techniques used and their interpreta-
tion. First the general principle of inclusion of prior information is discussed in §4.1.
Markov chain techniques are discussed in §4.2 — 4.5 and finally the use of Markov
chains to extract information about model parameters is described in §4.6 — 4.7.

Much of this chapter is derived from [78] [79] [80] [81].

4.1 Posterior Probability

Central to the Bayesian analysis paradigm is the posterior probability density. This
is composed of two parts, a prior probability density P(x), which describes the prob-
ability of a given set of model parameters (x). The second component is the condi-
tional probability for the data, given a set of model parameters P(D|x), this can be

obtained through comparison of MC generated with parameters x to the data.
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These respectively represent any external knowledge we have on the model pa-
rameters, and the information available in the data. The posterior probability (P(x|D))
then describes the probability of a set of model parameters conditional on the data
observed.

In a Bayesian analysis paradigm, therefore, a set of collected data is used to up-
date a prior probability distribution for parameters of a model according to Bayes

rule [80]:

P(x|D) =

(4.1)

Here x are the parameters of the model being compared to the data, D.

The updated probability density P(x|D) (the posterior), therefore describes the
probability density for the parameters x after including the observed data. The dis-
tribution of the posterior probability in the parameter space x is the only object
needed for Bayesian inference. The posterior distribution remains a high-dimensional
object however, having the same dimension as that of the model used dim(x) =
dim(P(x|D)). Bayes rule therefore allows for the inclusion of prior information into
the probability distribution, however evaluating this distribution and making use of

such a high dimensional object poses its own challenges.

41.1 The Need for Markov Chains

In Bayesian inference it is often necessary to evaluate functions weighted by the

posterior distribution of the form:

J f(x)P(Dx)P(x)dx
J P(D|x)P(x)dx

E[f(x)[D] = (42)

Here x are the parameters of the model being compared to the data, D. f(x) is the
function being evaluated over the posterior density e.g. the posterior expectation of
a particular parameter E[x;| could be obtained by setting f(x) = x;.

Such integrals are in general not analytically solvable, hence numerical integra-
tion may be used. For high-dimensional parameter spaces, traditional integration
schemes are inaccurate and inefficient, thus alternative methods such as Monte Carlo

are used [82].
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4.2 Markov Chain Monte Carlo

It is possible to perform an approximation to the integral in eqn 4.2 by evaluating the

function at a series of points randomly drawn from the full posterior distribution:

Z

EIf()ID] = ;) F(X) 3)

1

Il
—

where X; is a randomly drawn sample from the posterior distribution eqn 4.1.

Conventional methods of drawing random samples from a complex posterior
distribution are challenging and inefficient for high-dimensional parameter spaces
[83].

Markov chains offer a method to efficiently make these samples. Such a Markov
chain is a stochastic process consisting of an ordered series (chain) of points (steps)
in a parameter space. The position of each step in the chain is dependent only on its
immediately preceding step and the posterior probability evaluated at the current
and previous position.

Markov chains therefore consist of a series of discrete jumps around the parame-
ter space, this on its own is not necessarily of use. However, it is possible to define a
set of rules for the chain that ensures that the density of steps in a particular region
is proportional to the posterior being evaluated.

A chain with this property can easily be used to generate independent samples
from the posterior. As the density of steps is proportional to the posterior, the po-
sition of any randomly chosen step from the chain will have the same distribution
as a random sample from the posterior. In practice with finite chains, sufficiently
separated steps in the chain may be used as a random sample.

The construction of such a Markov chain and the separation of steps required is
discussed in §4.2.1 and §4.5 respectively.

These steps from the chain may then be used in eqn 4.3 to obtain expectation

values for functions.
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4.2.1 Metropolis Hastings

The Metropolis-Hastings algorithm [81][84] is a method to ensure that the equilib-
rium state (stationary distribution) of the Markov chain is proportional to the poste-
rior density.

It consists of a random walk through the parameter space where the acceptance
or rejection of a step is dependant on the relative posterior density at the proposed
step position. This acceptance is biased towards accepting steps with a higher poste-
rior probability, hence ensuring the chain has a higher density of steps in areas with
high probability than in regions with low probability.

The procedure is as follows: for a Markov chain, after ¢ steps at a point in param-
eter space x;, a step proposal function is used to generate a new position in the space

x" according to:

x" = x¢ + rand(q(xt)) (4.4)

Where g is some multivariate probability distribution which can in principle de-
pend on the current position x;. This is equivalent to randomly sampling a simple
proposal function through conventional means, and applying this as a small step
relative to the current position in the chain.

This proposed step must then be either accepted or rejected. This is done ran-
domly with probability of acceptance dependant on the relative posterior densities

at the current and proposed points, this probability « is given by:

& = min |1, T D)X (4.5)

P(x|D)q(x'|x)

Where g(x|x) is the probability density of the proposal function to propose a
step to X’ given the current position x.

While a wide range of step proposal functions would yield a valid Markov chain,
for efficient exploration and sampling of the posterior, the choice of proposal func-
tion is key. For the T2K MCMC analysis a hand-tuned multivariate Gaussian pro-

posal is used.
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In the case of a symmetric proposal such as this multivariate Gaussian, q(x'|x) =
g(x|x") the step acceptance equation may be simplified. Furthermore as the ratio of

posterior probabilities is taken, the normalisation factor in eqn. 4.1 may be omitted

giving:
_ i [1 P(DIX)P(X)
K = min |:1, W (4.6)
then making use of the definition of log-likelihood:
InL =1In(P(D|x)P(x)) 4.7)
the acceptance probability can be written as:
/
&« = min [1, i((’;)) } (4.8)

A uniform random variable u is then generated in the range [0,1] which deter-

mines whether the step is accepted:

x  foru<a

Xp+1 = (4.9)
x; foru >«

If this step is accepted, a step at the position x’ is appended to the chain, other-
wise the current position x; is appended. This process of step proposal, acceptance
probability evaluation and acceptance or rejection is repeated at the new position.

This procedure will always accept steps proposed to a position with higher like-
lihood and will probabilistically accept steps to regions with lower likelihood with
lower probability for regions with much lower likelihoods. It can be shown that
following this prescription, the stationary distribution of steps in the chain is pro-

portional to the posterior probability [80].

4.3 BurnIn

As the posterior distribution is not a-priori known, the chain cannot be started in its

stationary distribution. There are therefore a number of steps needed for the chain
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to converge to the region of high posterior density, this is the ‘burn-in” period.
Identification of this burn-in period can be made through observation of the
change in the likelihood as a function of step number. This likelihood will stabilise
around a single value as seen in Fig 4.1(a). This alone is not however sufficient to
indicate burn-in is completed, consideration of the parameters themselves must also

be made to determine when equilibrium has been reached as in Fig 4.1(b) [85].
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FIGURE 4.1: The convergence of the log-likelihood to the stationary distribution for
seven chains running on T2K data (left) and the behaviour of a single parameter as
the chain progresses (right) before reaching the equilibrium central value (red).

Once the likelihood and a random selection of the parameters are found to have
stabilised, the chain is said to have passed burn-in, to avoid biasing the chain, all
steps prior to this burn-in are discarded. The choice of stabilisation point is made
conservatively, overestimation of burn-in does not bias the resulting chain, simply

requiring a corresponding increase in the length of chains required.

4.4 Convergence

While infinitely long Markov chains are guaranteed to explore the full allowable
range of all parameters, with a finite-length Markov chain, it is possible for the chain
to converge to a local minimum. This chain can become trapped in this region and
hence its step density would not be proportional to the posterior over the full space.

One method to identify this occurrence is to run multiple chains from differing
start points, over-dispersed relative to the expected posterior distribution [85]. A
sample of the obtained parameters may then be compared between chains for agree-

ment.
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4.5 Step Correlations

As the Markov chain method above makes proposals for steps centred around the
current position of the chain eqn 4.4, successive steps in the parameter space are
not independent. For the small step sizes needed to ensure a large proportion of
steps are accepted, as required for efficient exploration, this step-to-step correlation
is extremely high.

In order to make random samples of the posterior using a chain, one cannot
simply select successive steps in the chain due to this large correlation between steps.
Samples can however be taken using a sufficiently large gap between selected steps,
so that the chain has sufficient opportunity to randomise between the sample points.

For each parameter in the fit, an autocorrelation measure can be used to assess
the size of the gap needed for these samples to be independent. For a given gap (lag)
between samples ‘d’, using a chain with length N, the autocorrelation is defined as:

P () — %) (xi(t +d) — %)

R;i(d) = == N d)o? (4.10)

1

Where x;(t) is the value of the i'th parameter in the model at step ‘t’, &; is the
mean value of this parameter over the whole chain and o is its standard deviation.

All parameters have high autocorrelation for low lag values, as the size of the
steps taken are small compared to the parameter width ¢;. Hence successive steps
are close together in the space. At higher lag, a greater number of random steps will
have been accepted between the points being compared, hence the samples are less
related and the autocorrelation will decrease.

This autocorrelation is also used to guide the choice of step proposal scale for
each parameter. A ‘long autocorrelation’ on a parameter i.e. high autocorrelation
out to large lag values, is indicative of the step proposal function being too narrow
in that parameter and in need of broadening. This reduces the number of steps,
and therefore likelihood evaluations needed to obtain independent samples of the

posterior.
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4.6 Parameter Evaluation

While the Markov chain itself contains all of the information needed for a recon-
struction of the full posterior, there are a number of issues associated with simply
providing the chain as a result. One major issue is the finite nature of the Markov
chains produced. While a T2K result may include in excess of 150M steps, these
are dispersed in a 772 dimensional space. As such, the step density in any region
of space, even those at high posterior probability will be very low and subject to
significant statistical fluctuation. Simply binning the chains in this space, even with
extremely coarse binning would not result in a tractable number of bins or sufficient
steps in each bin (two bins per parameter would require ~ 10?*° bins).

The dimensionality of the problem can be significantly reduced by considering
only the parameters of interest from an oscillation perspective, the oscillation pa-
rameters: 053, 013, Am%z, dcp. All other parameters in the fit are treated as ‘nuisance’
parameters, which may have an effect on the posterior distribution and therefore on
the oscillation parameters, but are not themselves of interest from a long-baseline
physics perspective. In Bayesian statistics, these nuisance parameters may be inte-

grated over (marginalised):

P (xOscillation ‘ D ) = / P (X| D ) dXNuisance (4.11)

yielding a posterior density for just the oscillation parameters, in Markov chains,
this integral simply corresponds to not binning the chain in the nuisance parame-
ters. This results in a reduced dimension posterior in just the parameters of interest,
but including the effect that the nuisance parameters can have on the oscillation pa-
rameters.

An example of marginalisation over nuisance parameters is shown in Fig 4.2.
One implication of this integration over the space, is that the value of a parame-
ter corresponding to the point with highest posterior density in the full space may
not be the same as the point after marginalisation. This can occur if the posterior

distribution is non-Gaussian.
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FIGURE 4.2: A two dimensional posterior distribution (top) with the highest like-

lihood marked. Bottom, the effect of marginalisation over the nuisance parameter

compared to a profile method along the x axis, note the change in highest posterior
density after marginalisation.

4.7 Credible Intervals

Having obtained a marginalised posterior density in a parameter of interest, it is de-
sirable to assign an interval in which the true value has a given probability of lying.
This can be done with a credible interval. This defines a section of the marginalised
posterior for which a given proportion of the posterior lies within the identified re-
gion. For example, a 90% credible interval is any region which contains 90% of the

integrated posterior probability and is defined as:

/1 P(x;|D)dx; = 09 (4.12)

Where P(x;|D) is the marginalised posterior density for parameter j and I is the
interval being integrated over.
In a Bayesian credible interval, given the data of the experiment, there is a 90%

probability that the true parameter value lies within the interval. This is distinct
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from a Frequentist confidence interval, in which, were the experiment repeated a
large number of times, the best-fit point would lie within the confidence interval
90% of the time.

The definition of a credible interval in eqn 4.12 does not however lead to a unique
interval. A number of choices are available, this analysis uses the HDPI (highest
posterior density interval). This selects intervals in which every point within the
interval has higher marginalised posterior density than every point outside of the
interval.

In practice, this is done by binning the marginalised posterior, then adding the
bin with the largest number of MCMC steps to the interval, then the bin with the
second most MCMC steps and so on. This is continued until the fraction of total
steps within the interval exceeds the desired credible interval threshold. The region
covered by the selected bins is then the quoted confidence interval. Using this def-
inition, the point with highest marginalised posterior density is guaranteed to be
included in the interval, however the interval may not be contiguous, consisting of
a number of separate regions. This process can be easily generalised to multidimen-

sional marginalised posteriors to create credible regions.
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Chapter 5

MaCh3

MaCh3 (Markov Chain 3 flavour) is a Bayesian Markov chain based fitting frame-
work used by T2K. This performs a simultaneous model-dependant fit to ND280
and SK data samples, this both constrains the desired oscillation parameters in ad-
dition to a parameterised model of the systematic uncertainties of the experiment
such as neutrino flux and cross-section, so-called ‘nuisance parameters’. This chap-
ter will cover the overall goals of the MaCh3 analysis along with the data used and

the details of the model being constrained.

5.1 Overview

While it is possible to extract oscillation parameters from T2K using only external
knowledge of the neutrino beam and the samples at SK, such an analysis would be
severely limited by large uncertainties on the neutrino interaction cross-section and
flux [86]. To resolve this, ND280 was constructed in order to observe the beam and
neutrino interactions before oscillation, therefore helping to decouple the effect of
cross-section from oscillation.

ND280 is however a different detector technology to SK, with different energy
thresholds, PID performances and target material, making direct comparison of event
rates at the two detectors infeasible. MaCh3 has therefore adopted a model-dependant
analysis approach. Here a model of neutrino interactions, flux etc. is simultaneously
fit to both ND280 and SK data. The large samples at ND280 allow for a tight con-
straint on these model parameters, thus reducing the uncertainty on the predicted

event distributions at SK, allowing for an increased sensitivity to oscillation effects.
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5.2 Likelihood

As described in §4.1 the likelihood function must take account of both T2K data and
prior information on the fit parameters.

In MaCh3 the data and MC are binned in reconstructed kinematics, and com-
pared using a Poisson log-likelihood measure to evaluate the likelihood of the data

given the MC prediction in that bin:

Bins

- lnﬁ(D‘X) = E <ni,pred(xr 9) — Njobs + N obs In <nz,obs>> . (51)

i ni,pred(xr 9)

Where 7, s is the number of data events seen in bin ‘i” while ni,pred(x) is the
MC predicted number of events in bin ‘i’ for the set of nuisance parameter values x
and oscillation parameters 0. This is summed over all bins and samples in the fit,
including ND280 and SK, to give the total sample contribution to the log-likelihood.

The prior constraint is included as a Gaussian covariance matrix V on the model

parameters and contributes to the likelihood:

1 Systematics

= In Lprior = 5 Z ((Xi —ui) (V)i (xj — Vj)) , (5.2)
L

where yi; is the prior mean for parameter i. The summation runs over parameters
with explicit priors, some parameters are not constrained by external considerations
and these are given equal prior probability across their whole range (a ‘flat prior’),
being constrained solely by T2K data. A similar prior constraint can be provided for
the oscillation parameters, and added giving the total log-likelihood function used

by MaCh3:

Bins

n.
B ln(P(D’X)P(X)) =—In ETotal - E (ni,pred(x) — ni,obs —+ M obs In (l’OhS))
i ”i,pred(x)

1 Systematics 1
+5 ; ((xi_,ui)(v )ij(x]'_yj))
1 Osc Pars _
+5 IZ]: ((6:= A (U508 = A)
(5.3)
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Where U is the prior uncertainty on the oscillation parameters.
This likelihood is equivalent to an unnormalised posterior probability, as such
it can be used in the Metropolis-Hastings algorithm §4.2.1 to construct the desired

Markov chain.

5.2.1 MCMC Details

As discussed in §4.5, in order to efficiently sample this likelihood, a good step pro-
posal function is needed. For this MaCh3 uses a hand-tuned multivariate Gaussian
proposal based on the prior constraint.

The tuning of this Gaussian is based on the autocorrelation observed for each
parameter in a test fit. The principle adopted by T2K and used throughout the rest
of this thesis is to take the point at which the autocorrelation first drops below 0.2
as the lag necessary to obtain independent samples of the posterior for the chosen
parameter. The width of the Gaussian in each parameter is then tuned such that all
parameters have approximately equal autocorrelation length. This autocorrelation
length is then used when determining the number of steps required to have sufficient
independent samples to create a given credible interval.
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FIGURE 5.1: A set of autocorrelation functions as a function of lag for ten cross-
section parameters in MaCh3. Some parameters have a more rapidly decreasing
autocorrelation than others even within a single chain.
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5.3 ND280 Samples

This analysis includes both neutrino and antineutrino samples at ND280 correspond-
ing to T2K runs 2-9 for an exposure of 1.1531 x 102! POT in FHC and 0.8336 x 10!
POT in RHC [87].

Due to the difference in construction of FGD1 and FGD2, notably FGD2 having
water target layers, all ND280 samples are split by primary interaction vertex loca-
tion into FGD1 and FGD2 samples.

All samples are required to have at least one forward going track in both an FGD
and TPC along with a particle passing a right-sign muon PID cut (u~ for FHC, u*
for RHC)[88]. Events passing these requirements are then categorised by number of
observable right-sign pions in the TPCs (7" in FHC, 7~ in RHC). In total there are
three selections: CCO7r, CC17 for zero and one pion respectively, and CC other for
events with more than one pion or with photons or electrons.

The same set of cuts are used for RHC. As ND280 is magnetised and therefore
has sign-selection capabilities, it is possible to construct samples of wrong-sign in-
teractions (7, events in FHC, v, events in RHC). This is currently only performed
in RHC due to the higher event rate of wrong-sign events in this mode. This pri-
marily derives from the higher interaction cross-section for neutrinos compared to
antineutrinos.

Six such RHC wrong-sign samples are included using the same cuts as above
but with opposite lepton and pion charge. This is necessary in order to constrain the
wrong-sign component of the flux at SK, where no sign-selection is possible.

A total of 18 samples are therefore included, six in FHC, three for each FGD all
right-sign samples, along with 12 in RHC, six for each FGD, of which three are 7,
and three v,,.

All of these samples are binned in reconstructed muon momentum and cos(6),

the angle the outgoing muon makes with the incident beam direction.
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5.4 Super-Kamiokande Samples

SK data includes both FHC and RHC samples corresponding to runs 1-10, with an
exposure of 1.9664 x 102! POT in FHC and 1.634556 x 10! POT in RHC. The differ-
ence to the POT at ND280 is due to ND280 being inoperable for a large portion of
some runs. Unlike ND280, SK is not magnetised and has no way of identifying the
charge of an outgoing lepton, hence the samples are broken down only by magnetic
horn current.

The current T2K analysis makes use of five data samples at SK. Three samples
in FHC: one ring muon like (1Ry), one ring electron like (1Re) and one ring electron
one decay electron (1Re 1d.e.). In addition to two samples in RHC: one ring muon
like (1Rp) and one ring electron like (1Re).

The selection criteria for these samples are the same in FHC and RHC and use
the reconstructed variables from fiTQun [64] see §2.4.3.

All events must be fully contained, i.e. no particles escape the inner-detector
volume, as well as having their reconstructed vertex position within the fiducial
volume.

For 1Ry selections, events must consist of a single Cherenkov ring passing a
muon PID cut with reconstructed neutrino energy (assuming CCQE) greater than
200MeV and at least one electron from the muon decay [89].

The 1Re and 1Re 1d.e. have very similar selection criteria; both must have a
single Cherenkov ring which passes an electron PID cut, with visible energy above
100MeV and reconstructed neutrino energy below 1250MeV. Finally both must pass
a 7t° rejection cut. The 1Re sample is associated with events that pass these criteria
and do not have a decay electron, the 1Re 1d.e. sample has one decay electron. In
the 1Re 1d.e. sample the primary interaction mode is CC17r" with the pion being
produced below the Cherenkov threshold. Thus only the lepton ring is observed,
this pion then decays via a muon into an above threshold electron a short period
later.

No such 1Re 1d.e. sample is included for RHC due to the lower overall number
of events in RHC, the lower cross-section for CC17t~ production relative to CC1 ot

and the higher capture cross-section for y~ onto nuclei, preventing the observation
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of muon decay electrons.
The 1Ry samples are binned in reconstructed neutrino energy, while the electron
samples are binned in both reconstructed energy and the angle between the incident

neutrino and the outgoing lepton.

5.5 Systematic Parameters

There are four major parameter classes in the MaCh3 analysis: flux, interaction cross-
section, detector systematics and oscillation parameters. All but the final class are

nuisance parameters and are in general marginalised over.

5.5.1 Flux

There are several causes of uncertainty on the flux of the T2K neutrino beam; hadron
production uncertainties, number of protons in the proton beam and off-axis angle
and alignment, as discussed in §2.2.3 all contribute. The uncertainty is evaluated
using the beam simulation and hadron production data from NA61/SHINE [45]
[44].

Using this it is found that there is a 5% uncertainty on the v, flux at the flux
peak of 600MeV in FHC, this uncertainty rises for the wrong-sign component, to 7%

around the flux peak for 7, in FHC as can be seen in Fig 5.2.
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FIGURE 5.2: The prior fractional uncertainty on the neutrino flux parameters in
their fit binning. ND280 FHC v, and 7, fluxes shown.
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The uncertainty is included in the fitter using 100 systematic parameters, each
corresponding to a single neutrino flavour in a single beam mode and true energy
range at one of the two detectors (ND280 and SK). The prior covariance matrix on
these parameters can be seen in Fig 5.3.

In FHC, there are 11 v,, 5 7, 7 v, and 2 7, parameters for each detector, the
binning is such that there is finer granularity around the flux peak of 600MeV. Cor-
respondingly in RHC, there are 11 7, 5 v}, 7 7, and 2 v, bins for each detector with
the same energy binning as in FHC. Each parameter acts as a normalisation factor

for all events in the corresponding flavour, energy range and horn current.
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FIGURE 5.3: The prior fractional uncertainty on the neutrino flux parameters. The
labels denote the first parameter in a group.

5.5.2 Cross-Section Model

Both ND280 and SK MC predictions make use of the generator NEUT [39]. This uses
a Benhar spectral function for the nuclear model and the Rein-Sehgal model for res-
onant pion production [40][73]. These are tuned to MINERVA and bubble chamber
data. The T2K cross-section model is composed of ‘normalisation” and ‘shape” pa-
rameters. Normalisation parameters simply apply a weight to a given type of event

based on MC truth information. Shape parameters are more complex, these may
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apply different weights to different events depending not only on their interaction
type but also on kinematics.

These are included in MaCh3 as a series of cubic polynomial splines, an example
of this can be seen in Fig 5.4. For each shape parameter, the weight associated with a
particular MC event is calculated at seven values around the point used during MC
generation, a spline can then used to interpolate between these points.

At every step of the Markov chain, a value for each cross-section parameter is
proposed. Each shape parameter evaluates its associated weight using this spline,
with the product of all the normalisation and shape parameter weights being taken

as the cross-section for that event.

Event Weight
N
&)

)
I

1.5

0.5—

0 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1
-0.4 -0.2 0 0.2 0.4
Parameter Variation

FIGURE 5.4: An example of a spline, used to calculate the non-linear impact of a
parameter on a given MC event. Seven values are generated with interpolation
used between these points.

In ND280 this cross-section weighting is done on an event-by-event basis, each
event having its own associated set of splines. In SK however, prior to the fit, the
events are binned in true and reconstructed energy. Event-by-event variations in the
shape parameters are then made and the overall event rate response of each bin is
stored. Splines corresponding to the response of each bin to parameter variations

are then used in the fit to change the weight of all events associated with that bin.
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This thesis is particularly interested by the parameters governing pion produc-
tion, information on the other parameters of the model can be found in [73][90][91]
and Appendix A.

For CC17t and NCl17r interactions, the primary cross-section uncertainty comes
from the form factors describing the struck nucleon. For this T2K uses Graczyk-
Sobczyk form factors [92]. These form factors have both a vector and axial-vector
component. While the vector component can be constrained by electron scattering
experiments, there is an axial component that only affects neutrino interactions. It is
this component that dominates the uncertainty in the cross-section.

This axial form factor is often parameterised by a dipole form factor:

C5(0)

Q? ?
<1 + M>

This dipole factor has two free parameters: C4 and M%.., which are included as

Ga(W, Q%) o« CM(Q%) = (5.4)

the main free pion parameters in the T2K cross-section model.

In addition to the resonant pion production, there is a small contribution to CC17
and NC17t from the non-resonant isospin I; /, background. This is included as a
Breit-Wigner amplitude that does not interfere with the resonant I5,, production.

These parameters have a prior derived from ANL, BNL, MINERvVA and Mini-
BooNE datasets, however there is significant variation in the best-fit values between
experiments as can be seen in Table 5.1. An anticorrelated uncertainty of 15.6% and
14% is therefore applied to CZ and Mg, respectively as can be seen in Fig 5.5. In

addition a 42% uncertainty is applied to I; ;.

Dataset Cg‘ Mﬁes L

ANL 1.144+0.05 | 0.85+0.04 | 1.714+0.14
BNL 0.90+0.03 | 1.15%+0.05 | 0.92+0.08
MiniBooNE | 0.94+0.005 | 1.17+0.03 | 1.60+0.13

TABLE 5.1: Existing fits to CC1mr datasets showing significant variation in recov-
ered pion cross-section parameters. Adapted from [90].
There is an additional I; ;, non-resonant parameter for antineutrino interactions
producing a negatively charged pion with momentum below 200MeV /c. This was

added to provide antineutrino freedom relative to neutrino in pion production and
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is only applied to SK events. Due to the lack of available datasets covering this
region, there is no motivated experimental prior uncertainty, instead a conservative
135% uncertainty is used to ensure stability in the fit [91].

Finally there are two normalisation parameters controlling coherent pion pro-
duction, one for CC production and one for NC, both have a 30% uncorrelated un-
certainty applied owing to the lack of significant experimental data for coherent pion

production [90]. These are applied at both ND280 and SK.

g_
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- 12
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- —0.5

I% o -
— —o

ﬂ' -0.079 -0.00242 0.417

M -0.123 0.14 -0.00242

ch 0.156 -0.123 -0.079

CQ Mﬁes |_21 |El low P, CC Coh NC Coh

FIGURE 5.5: The prior uncertainty and correlation between the parameters of the
T2K pion model. Cg‘, Mﬁes, I/ and I ;plow P are shape parameters controlled
by splines while CC and NC Coherent are simple normalisations.

While the interactions are generated with untuned NEUT, the T2K NIWG (Neu-
trino Interaction Working Group) include a number of tunes to the MC to account
for fits performed to external datasets.

These are included by providing a set of parameter values that are not necessarily
the same as the values used by NEUT during generation (the ‘generated” values).
These events are weighted using the T2K cross-section model to this parameter set
(the “prefit’ values). Thus the MC predicted event rates can be made to better match
external datasets, the errors quoted above are therefore centred about the prefit value

of these parameters.
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5.5.3 Detector Systematics

The MaCh3 fit includes systematic uncertainties on both ND280 and SK, these un-
certainties can come from a number of sources including uncertainty on detector
mass, particle identification mismatch between data and MC and kinematic recon-

struction.

ND280

The detector systematic uncertainties at ND280 are based on a comparison of the
simulated detector performance compared to in-situ calibration techniques such as
TPC laser calibration, or to control samples, such as cosmic ray muons [93]. Com-
parison between these well-understood control samples and the MC allows for esti-
mation of the bias and uncertainty on the detector response.

The dominant systematic uncertainty in ND280 arises from uncertainty on sec-
ondary interactions (SI) of pions with nuclei in the detector medium. This uncer-
tainty is constrained by external charged pion scattering experiments, however the
uncertainty on these measurements must be included into the uncertainty of the de-
tector response [94].

These systematic uncertainties are encoded in a set of parameters that affect the
reconstructed properties of MC events. A random value of each systematic param-
eter is then chosen, based upon the expected uncertainty on each parameter, the
impact of these parameter values on the reconstructed properties of MC events is
then evaluated. These modified MC events are then used to create the event selec-
tions described in §5.3. This is repeated for 2000 random values of the underlying
systematics, in order to build up a distribution of selected event rate in each bin of
the ND280 samples.

Bins with sufficiently similar response are grouped together and a covariance
matrix of the event rate uncertainty on these groups is generated from the throws
[93]. The resulting grouped bins are then included in the MaCh3 fit as a series of 574
normalisation parameters, each effecting all events in a specific region of P—cos 6

space in each of the ND280 samples.
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SK

The detector systematic uncertainties at SK are based on atmospheric neutrino and
cosmic ray data collected at SK, in addition to expectations on detector performance
from calibration measurements.

A total of 44 normalisation parameters are used for the five SK samples, broken
down by true interaction category and reconstructed energy [95]. This binning is
significantly coarser than the analysis binning, however this does not significantly
affect the results obtained.

There are a total of 12 parameters for the FHC 1Re sample, with four categories
based on MC truth information: oscillated v, + 7, CC, v, + 7, CC, intrinsic (beam) v, +
7, and NC events, each associated with three parameters in increasing reconstructed
energy. This is repeated for RHC 1Re.

For FHC 1Ry there are a total of four categories: v, + 7, CCQE + 2p2h (3 pa-
rameters), v, + 7, CCnonQE (1 parameter), v, + 7, CC (1 parameter) and NC (1
parameter). This is also repeated for RHC 1Rpu.

Finally for FHC 1Re 1d.e. selection, the same categories as the 1Re selection are
used albeit with two bins in reconstructed energy for each category.

Included in this detector systematic matrix are uncertainties on pion secondary
interactions in the water of the detector. Additionally, photonuclear effects (PN),
describing the absorption of photons by nuclei without associated re-emission above
the Cherenkov threshold are included.

Finally a single parameter controlling the SK energy scale is included with an
uncertainty of 2.1%. The corresponding parameter is responsible for adding a frac-
tional shift in reconstructed neutrino energy for all events.

The full SK detector matrix is shown in Fig 5.6. The generation of this prior

constraint is described in more detail in §6.2.6.

5.5.4 OQOscillation Parameters

MaCh3 uses an event-by-event oscillation weight calculator with a uniform den-
sity approximation for matter effects. All oscillation parameters are free in the fit,

however, as T2K is not expected to be sensitive to sin® 61, and Am%1 the PDG [15]
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uncertainty is used as a prior on these parameters. All other parameters are given

a non-informative, flat prior. The parameter’s prior best-fit point and uncertainty is

show in Table 5.2.
Parameter | Best-Fit 1o Prior Uncertainty
sin? 6y, 0.307 0.013
sin’ 623 N/A Flat
sin? 03 N/A (0.0218 optionally) | Flat (0.0007 optionally)
Am%l 7.53 x 1072 eV? 1.8 x 107° eV?
Am%2 N/A Flat
dcp N/A Flat

TABLE 5.2: The prior central value and uncertainty used in MaCh3, no correlations
between parameters are present in these priors.

The two mass orderings are represented by the sign of Am3,. As it is known that
the T2K dataset strongly rejects the region around Am3,=0 i.e. no oscillation, a finite
length Markov chain is unlikely to naturally transition between the two favourable
regions of Am3, for the normal and inverted ordering. This is resolved through
the use of an explicit jump between orderings in the step proposal function. At
every step there is a 50% chance that the proposed sign of Am3, will be flipped, thus
ensuring the chain is able to freely transition between the orderings.

No explicit prior on sin? ;3 is used during chain generation, however reactor
experiments [96] have a stronger constraint than T2K on this parameter. Hence this
prior is included as a weighting of the steps in the chain to obtain a ‘with reactor
constraint’ result.

As the values of these physics parameters have a strong effect on the observed
data distribution, for MC studies, some assumed value of the oscillation parameters
are needed. For this, T2K uses values close to those seen in data as in Table 5.3 this

is referred to as “Asimov A" and is used throughout this work for MC studies.
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Parameter | Asimov A

sin? 61, 0.307

Sil’l2 923 0.528

sin® 013 0.0218

Am3, 7.53 x 1075 eV?2
Am?, 2.509 x 1073 eV?

dcp

-1.601

TABLE 5.3: The values of the oscillation parameters used for sensitivity studies
(Asimov A).
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FIGURE 5.6: The prefit covariance matrix for the SK detector, SI, PN and energy

scale uncertainties are included as a series of normalisation parameters applied to

specific samples, interaction modes and reconstructed energies. The labels denote
the start of a group of parameters in ascending energy.
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Chapter 6

Neutral Current Pion Interactions

in the T2K Oscillation Analysis

During the past decade of T2K analysis, continuous improvements have been made
in the understanding of neutrino-nucleus interactions, both within T2K and in the
wider community. These improvements have been incorporated in an increasingly
expansive neutrino cross-section model used in the T2K oscillation analysis.

This model does not encompass all effects of relevance to oscillation measure-
ment however. This chapter investigates the effect on the T2K fit from the treatment
of, and, potential improvement to, one of the leading backgrounds in the oscillation

sensitive SK samples, neutral-current pion interactions.

6.1 Motivation

As T2K continues to accumulate data, and reduces the statistical uncertainty in its
samples, systematic uncertainties in the experiment will play an increasingly impor-
tant role. If not properly constrained, these have the potential to limit the sensitivity
of T2K to oscillation effects.

The current T2K analysis [97] includes 766 systematic parameters controlling
neutrino flux, cross-section and detector uncertainties. This systematic model aims
to encompass the inherent uncertainty in the experiment due to each of these effects.

Prior to the fit, flux and cross-section uncertainties are the leading systematic
error source on the event rates in all SK samples, exceeding the statistical uncertainty

in the 1Ry and FHC 1Re samples [86]. The reduction in this uncertainty, provided
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by ND280 is therefore key to obtaining the most precise, unbiased, measurements of
oscillation parameters.

The ND280 data provides a constraint on the predicted event rate for neutrino
interaction modes that contribute to the signal CCO7r events at SK, in addition to the
expected rate of background events in those samples.

A breakdown of these samples by interaction and flavour can be seen in Table
6.1. In the one-ring samples without a decay electron (d.e.), CCO7 interactions of the
signal neutrinos are the largest contribution.

One large background in the one-ring samples without a decay electron is from
CC1r signal events. While these may be considered backgrounds to the one-ring
samples, they do include oscillation information and are of use to the analysis, pro-
vided their contribution can be precisely determined. For this, the CC17r samples
at ND280 allow for a tight constraint on the CC17t cross-section, and therefore the
contribution to the samples.

A major background, particularly in the RHC samples, is wrong-sign CC inter-
actions of the correct flavour e.g. v, CC events in the RHC 1Ry sample. This wrong
sign component is however constrained through a combination of the wrong-sign

samples at ND280 in RHC and the flux and cross-section model.

FHC RHC
Contribution 1Ry | 1Re | 1IReld.e. | IRy | 1Re
Right-Sign and flavour CCOt % | 67.5 | 76.4 4.42 46.6 | 49.0
Right-Sign and flavour CC17r % | 19.2 | 13.36 85.1 10.2 | 8.07
Right-Sign and flavour other CC % | 3.00 | 0.54 4.20 1.38 | 0.90

CC Wrong-Flavour % 0.07 | 047 1.68 0.01 | 0.92
CC Wrong-Sign % 6.37 | 1.13 0.19 38.7 | 27.1
NC % 4.00 | 8.11 4.38 3.12 | 14.0

TABLE 6.1: The contributions to the total sample event rate in the five SK samples.
Wrong-sign events are a major background in the RHC samples. Event rates taken
for Asimov A oscillations and without near detector tuning.

The next leading background, particularly in the 1Re samples comes from neu-
tral current interactions. Unlike v, CC backgrounds, which have their event rate
decreased due to the reduction in v, flux at SK due to oscillation, NC interactions

are possible from all neutrino flavours. These are therefore a constant background,
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independent of oscillation parameters. The contributions from different NC back-

grounds are summarised in Table 6.2.

FHC RHC
Background 1Ry | 1Re | 1Re1d.e. | IRy | 1Re
NC7® % 0.34 | 4.01 0.61 0.24 | 6.54
NC7= % 270 | 064 | 143 |203| 114
NC Coherent % | 0.00 | 0.47 0.00 0.00 | 1.41
NC 17 % 0.00 | 2.14 0.00 0.00 | 3.40
NC Other % | 0.92 | 0.84 2.34 0.85 | 1.49
Total NC % 4.00 | 8.11 4.38 3.12 | 13.98

TABLE 6.2: The NC background contributions to the total sample event rate in

the five SK samples. NC17t events are the most significant NC background, with

NC7° being dominant for 1Re and NC7t* dominating for 1Ru. Event rates taken
for Asimov A oscillations and without near detector tuning.

At present T2K does not include any neutral current control samples, hence the
uncertainty on these NC contributions derives mainly from external data or model
predictions. While the uncertainty on some of these interaction modes is likely to
be conservative, such as the 100% cross-section uncertainty on NC 1+ events, which
have never been experimentally observed. Others, such as the NC17 interaction
cross-section may be tighter than supported by external or T2K data.

In the current T2K analysis, these cross-sections are constrained via the pion
cross-section model §5.5.2. The parameters of this model are fit using a prior con-
straint derived from separate fits to CC17t ANL and BNL bubble chamber data and
fits to MINERvVA and MiniBooNE for nuclear target data [90].

As was seen in Table 5.1, significant differences in best-fit value of c4, Mées and
I; ;» were found for these different datasets, hence a large prior uncertainty is used
to cover the range of fitted values.

Due to this large prior uncertainty and the large CC17r dataset at ND280, the
ND280 data provides a much stronger constraint on these pion cross-section param-
eters than the prior, as can be seen in Fig 6.1.

Both the prior and ND280 constraint on the pion cross-section model come from
charged-current data samples. One concern is therefore the possibility that NC1

events are not well described by this CC17t constrained model. This can be a result



Chapter 6. Neutral Current Pion Interactions in the T2K Oscillation Analysis 85

3 5 2 °E —Data
§ 45 § 45
W o — Prior
35 35
= s
25; 2.5;
2 2
155 155
e 1=
05 05
BT 094 095 09 097 Cc‘gges e TR KF3 113 1'%
3 —Data
45
4 — Prior

o

I - L
0.76 0.78 0.8
ccl,

FIGURE 6.1: Log-likelihood scans of the pion cross-section parameters showing the

1D constraint from the prior uncertainty on the parameters and the constraint pro-

vided by ND280. The ND280 constraint is significantly tighter for all parameters

than the prior constraint. Constraint is shown for the MC prediction about the pr-
efit point. Note, correlations between parameters are not shown.

of a true physical phenomenon affecting NC events, or as a result of the different
kinematic regions probed by the two interactions, such as the different contribution
from the intermediate hadronic resonances.

This possibility has basis from theoretical considerations [98] and due to the ex-
tremely limited pre-existing experimental NC17r data, empirical evidence to counter
this possibility is lacking.

MiniBooNE offers the most significant NC17t sample [99]. Comparison has been
made between a pion cross-section model tuned to ANL and BNL CC17t data and
this MiniBooNE NC7t” sample. This shows a significant difference in both shape
and overall normalisation when extrapolating the CC measurements to MiniBooNE
NC7? events [100]. Even within MiniBooNE, differences between CC and NC pion
data are seen when compared to generators, as can be seen in Fig 6.2 [101].

At present in the T2K cross-section model, the only freedom afforded to NC17
events relative to CC17r comes from the normalisation freedom on NC coherent
events, the NC resonant and non-resonant component is entirely correlated with the

corresponding CC components. As such, if the cross-section for NC17 is different
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FIGURE 6.2: Comparison of theoretical predictions (top) and generator predictions

(bottom) to MiniBooNE CC-17r", CCn® and NCr¥ data as a function of outgo-

ing pion kinetic energy (left) and pion momentum (centre and right). The NEUT

generator used at T2K underpredicts the MiniBooNE CC data, particularly in in-

termediate pion energy and momentum. The magnitude of this underprediction is
smaller for the NC data. Reproduced from [101].

than that predicted from the CC17r data the model lacks the freedom to account for

this difference in its current state.

6.1.1 Simulated Data Study

To investigate the potential impact of an incorrectly estimated NC17t cross-section,
a simulated data study was performed with MaCh3. Here an “Asimov’ fit was per-
formed in which the prefit MC prediction at ND280 and SK is used as the data sam-
ple. In this case however, the cross-section of all NC17 events were uniformly in-
creased by 30% at both detectors. The choice of a 30% change is based upon existing
NC17 rate measurements and is discussed in more detail in §6.2.4.

A portion of the simulated data is shown in Fig 6.3. For 1Ry samples, NC17
events are predominantly reconstructed with low neutrino energy, below 0.5GeV.
In 1Re these events reconstruct at low neutrino energy and with a broader angular
distribution than the signal.

The effect of this simulated data on the ND280 samples is smaller, as can be seen
in Fig 6.4. The changes occur primarily at low reconstructed muon momentum and
in the forward direction.

A fit was then performed on this simulated data using the standard, unmodified

current T2K analysis. The extracted posterior parameter distributions were then
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compared to the results from an Asimov fit without the 30% increase in NC17t event
rate.

For each parameter in the analysis, a Gaussian fit was performed to the posterior
distribution, marginalised over all other parameters in the fit. The mean and stan-
dard deviation of this Gaussian fit was taken as the central value and 1o width of
the corresponding parameter. The impact of the simulated data on a section of the

extracted neutrino flux can be seen in Fig 6.5.
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FIGURE 6.5: The post-fit parameter central value and posterior width for the FHC
SK flux systematic parameters. The simulated data fit shows an overall increase in
neutrino flux for all flavours. The difference in each parameter is given as a ratio to
the postfit 1o standard deviation. There is a strong dependence on neutrino energy,
with the low energy flux being biased more significantly than the higher energies.

This shows an overall increase in the extracted flux normalisation, with the most
significant impact occurring at low neutrino energy, with these parameters biased
by 20% of their postfit uncertainty, corresponding to a 1.5% increase in flux normal-
isation in this region. As NC17 event kinematics favour reconstruction with low
incident neutrino energy, this indicates that the fit is using the freedom in the flux

model to recreate the observed increase in event rate at low reconstructed energy.
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As the flux affects both NC and CC events however, this has the side-effect of
increasing the predicted CC event rate at SK. As these are the events containing
oscillation information, this has the potential to bias oscillation results.

There are also changes in the cross-section parameters Fig 6.6, notably, there is
a 4.2% and 3.6% increase in 2p-2h normalisation for neutrino and antineutrino re-
spectively, representing a bias of approximately 20% of the postfit error. This is sig-
nificant as the SK energy reconstruction for 2p-2h events is biased towards lower
energies compared to CCQE, hence this may bias the expected position of an oscil-
lation dip in the 1Ry samples. This level of bias is of interest to future experiments,
the 2p-2h error budget for HK for example is 5% [102]. The bias introduced by an
NC17 cross-section mismodelling has the potential to use almost the entirety of this
budget in the current fit.

The Q? parameters controlling the CCQE cross-section show a small overall de-
crease, this acts to counteract the increase in the overall neutrino flux to keep the
total sample event rate close to the simulated data.

The pion cross-section parameters are pulled, with a decrease in CZ' and an in-
crease in Mf{‘es corresponding to a bias towards increased cross-section at higher Q2.
However, the impact on the total predicted event rate at SK is small.

Other NC parameters are also pulled. NC other near, which acts as a normalisa-
tion parameter on NC other events at ND280, is increased by 2.9% while the corre-
sponding SK parameter is decreased. In addition the NC 1y normalisation parame-
ter is decreased by 2.6%.

These changes are driven by the need to reproduce the event samples seen at
ND280, however, as the proportion of NC17t events in the samples at SK and ND280
are different, the model parameter values that are able to fit ND280 simulated data
do not yield the simulated data event distribution in the SK samples.

This can be understood by comparing the fractional changes in the event rate of
the ND samples Fig 6.4 to those seen in the SK samples Fig 6.3. The ND280 sam-
ples show increases of up to 5.0% while the SK samples have a significantly greater
NC17t component, with increases in some fit bins of up to 10%. These ND280 driven
changes to the flux and cross-section parameters would be expected to contribute up

to approximately a 5% change in predicted SK event rates. The remaining difference
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must therefore be contained in parameters impacting the SK samples only. There are
two such parameter sets; the SK detector systematics and the oscillation parameters.

The impact of the simulated data on the recovered SK detector systematic pa-
rameters can be seen in Fig 6.7. The SK detector systematics are separated into inter-
action types as discussed in §5.5.3, hence there is freedom in the fit to independently
change the contribution of different event types to the SK samples. The 1Re samples
show a bias towards a reduced v, CC contribution and a small reduction in the NC
contribution. The 1Ry samples show a strong bias towards increased NC, increasing
the contribution of NC events in these samples by 8%.

While these shifts are all smaller than the pre- and post-fit uncertainty on the
corresponding parameters, the effect on the predicted spectra at SK are significant,
and are capable of recreating much of the increase seen in the simulated data samples
at SK.

In order to investigate the impact of these cross-section and detector systematics
on the predicted event distribution, steps were taken from the simulated data chain.
The SK samples were then weighted according to a subset of these parameters at
each step, with all other parameters being held at their pre-fit values. A distribu-
tion of the predicted event rate in each fit bin was built up, and the mean of this
distribution is plotted in Fig 6.8.

As the flux and cross-section parameters are tightly linked, their contribution
is considered together. Cross-section and flux have only a small impact on the 1Ru
samples, however they have a significant impact on the 1Re samples at reconstructed
energies around 300MeV. In total, the cross-section and flux causes a 1.1% (1.7%)
increase in the predicted event rate in the FHC (RHC) 1Re samples.

The SK detector parameters have a more significant impact at the lowest recon-
structed neutrino energies, reproducing much of the simulated data event rate in-
crease in this region for both 1Re and 1Ry. The effect on the total event rate is how-
ever much less significant, owing to the limited impact of these parameters at higher
energies with higher event rates. The total increase in event rate is 0.44% for FHC
1Re and 0.06% for FHC 1Rpu.

While much of the change in the samples is absorbed by these cross-section and
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SK detector uncertainty, the remaining difference between the predicted and ob-
served event distributions may cause a bias in the extracted oscillation contours.
The impact of the simulated data on the oscillation contours can be seen in Figs 6.9
and 6.10. Note the slight variation in the contours seen around dcp = 2 is a result of
MCMC statistics and does not correspond to a significant difference.

There is a small bias introduced into sin” 8;3 before the application of the stronger
reactor sin® f13 constraint. The fit lacks the freedom necessary to fully recreate the
increase in the 1Re sample event rate with the nuisance parameters alone.

As the fitter lacks the necessary freedom to correctly predict the type and distri-
bution of events in the 1Re samples, the overall increase in event rates in the e-like
samples are being interpreted as an increase in the probability of v, to v, oscillation
eqn 1.18. This event rate increase is present in both FHC and RHC, hence can be
explained through an increase in the loosely constrained sin? 6.

In the disappearance parameters, the sin® 6,3 credible interval shows a broad-
ening. As the probability of v, to v, oscillation depends upon sin”263 as in eqn
1.17, the oscillation probability is approximately symmetric about sin? 653 = 0.51 (the
slight difference from 0.5 being due to higher order terms).

An increased background around the oscillation maximum in the 1Ry samples
will be interpreted as a reduction in the magnitude of the oscillation effect, and there-
fore of sin”26,3. This has the effect of biasing the credible interval away from the
maximum disappearance probability of sin? §3= 0.51. Due to the symmetry around
this point the contour is widened.

The mass squared splitting also shows a slight broadening and bias towards
higher values of |Am3,], this is caused by the increase in event rate seen at low re-
constructed neutrino energy, slightly shifting the position of the oscillation dip in
the 1Ry samples towards higher reconstructed energy.

The addition of reactor constraints causes a slight shift towards the upper octant
i.e. sin® 63> 0.5. With the tight reactor constraint on sin® 613, an increase in FHC and
RHC 1Re sample event rate can be explained by a higher value of sin® 653, as in eqn.
1.18.

From this it can be seen that the current T2K cross-section model is unable to
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FIGURE 6.9: Two dimensional posterior credible regions, marginalised over all
other parameters for the four oscillation parameters T2K has sensitivity to. Here
shown for two joint ND280 and SK fits, one an Asimov fit to the prefit MC in blue,
and an identical fit but with NC17 cross-section uniformly increased by 30%. Top
for sin? 63 against écp marginalised over both mass orderings, with the constraint
from reactor experiments on sin? 613 shown but not applied. Bottom for sin? 63
against Am3, for normal ordering without reactor constraint. Both show a slight
bias in the recovered credible regions.
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correctly identify and correct for an increase in NC17t event rate relative to that pre-
dicted by the CC dominated ND280 samples. These differences, if present have the
potential to bias both the nuisance parameters in the fit in addition to the oscillation
parameters.

Sources of such biases in the T2K fit must be identified and corrected where pos-
sible, both to improve the reliability of the fit and reduce dependence on model

assumptions.

6.2 NC 7 Sample

In order to resolve the potential bias from NC17 events, the fitter needs to be able
to accurately predict the NC17 event rate. In the case of different NC and CC cross-
sections as above, this requires additional freedom to vary the NC1t cross-section
separately to CCl7t. This must be coupled with a constraint on such parameters,

either from external data or from samples in the analysis.

6.2.1 Motivation

As discussed in §6.2.4 there is very limited external NC17 data to constrain the NC
to CC pion cross-section, and, as with the CC17r measurements [90], agreement be-
tween experiments is often not present.

It is therefore necessary to add a sample or samples into the analysis to provide
this NC constraint. In principle, a near detector could be used to directly measure
these interactions. ND280 at present has no NC17 samples and the small back-
grounds present in the CC samples are not sufficient to provide a significant con-
straint as can be seen in Fig 6.11.

These backgrounds to the ND280 samples therefore lack the power to constrain
the NC17t cross-section on their own. There is also the potential for over fitting to
statistical fluctuations if these backgrounds are given significant cross-section free-
dom relative to the CC signal.

Construction of an NC7t™ sample at ND280 is limited by the significant back-
ground from wrong sign CC interactions. These produce a muon of like charge to the

7t and are challenging to separate from the signal. A previous study has achieved
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FIGURE 6.11: Log-likelihood scans of the pion cross-section parameters showing

the 1D constraint on the pion parameters provided by CC and NC interactions

separately in ND280. Constraint is shown for the MC prediction about the prefit
point. Note, correlations between parameters are not shown.

NCrt* sample purities of 21% in ND280. Due to the significant background, system-
atic uncertainties dominate this sample, resulting in a limited extracted constraint on
NC1 7 cross-section of 0pg, /ope < 1.43(68%C.L.) [103].

NC7’ samples can be produced in the P@D. Previous studies in this have ob-
tained ratios of observed to expected event rates of 0.85 4= 0.09(Stat)+0.21(Syst) £0.12
(flux) and (0.79 +£ 0.08(Stat)£0.20(Syst) £0.12 (Flux)) [104] for measurements with
(without) water in the POD.

These measurements are therefore in agreement with the MC prediction. The
uncertainty is however limited by the systematic uncertainties, partially owing to
the 49% (46%) NCr¥ purity available in the P@D samples. In addition, due to the
construction of the P@D these samples include a <60° angle cut on the 7%, limiting
the applicability to the high angle region which causes significant background in the

1Re SK samples.
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There is one additional sample of NC events available at T2K, an SK NC7? sam-
ple. This has a number of advantages: the threshold for 71° detection in SK is ex-
tremely low, the same 47 acceptance detector can be used as for the oscillation sam-
ples, a high sample purity is possible, partly due to the reduced v, CC contribution

as a result of v;, to v; oscillation.

6.2.2 SK NC7¥ Selection

An NC7t event in SK results in a single ¥ and possibly a proton or neutron es-
caping the nucleus. Due to the limited available energy in the T2K beam, only a
small fraction of these protons will be above Cherenkov threshold and in principle
detectable at SK. The neutrons produced are likewise unobservable in SK as these
do not produce Cherenkov light. While the addition of gadolinium into SK will al-
low for neutron tagging, the data from T2K runs 1-10 were collected prior to this
addition.

In practice therefore, only the 7¥ can be detected at SK. The dominant decay
mode for this 71° is via two photons. Each photon then pair produces an electron
and positron, resulting in a shower of electrons in the detector.

If the two showers are sufficiently angularly separated and energetic, two dis-
tinct, ‘fuzzy’, electron-like rings will be seen in the detector. As no charged pions
or muons are present in this process, there are no associated Michel electrons from
muon decay.

The experimental signature of an NC7t” event in SK is therefore two electron-like
rings with no associated decay electrons or any additional particles.

In order to make a selection of these events a figure-of-merit must be adopted,

due to the limited event rate at SK a statistical power motivated FOM was used:

S
VvS+B

Where S is the total number of signal NC7t” events and B is the number of back-

FOM =

6.1)

ground events in the sample.
The sample selection described here is based upon the work selecting NC7t? and

1Re events in SK [89][105] using fiTQun reconstruction [64].
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The cuts are composed of the standard T2K data quality requirement on the beam
and SK in addition to the requirement that the SK event time be coincident with a
12ps window around the expected arrival time of the beam [106]. These cuts are
applied to all T2K analyses and are not altered here. Subsequent cuts are applied

sequentially as follows:

1. The event is fully contained within the ID volume

2. The reconstructed event vertex is within the fiducial volume
3. A visible energy in the ID of greater than 100MeV

4. No decay electrons are observed

5. A two ring hypothesis is preferred by fiTQun

6. A 7° fit hypothesis is preferred over a single electron

Cut Application

Each of these cuts is intended to remove a background to the NC7? signal or events
which are unlikely to be correctly reconstructed by fiTQun. The target of each cut
and the distribution of MC events around each cut point are described below.

For the MC prediction, the MC is weighted according to the Asimov A oscillation
probability, using the parameters described in Table 5.3. The ND280 flux and cross-
section tune has not been applied, as such there is approximately a 20% systematic
uncertainty on the MC prediction.

The data is shown overlaid on the MC prediction for each cut. This is to validate
that the MC and data agree within systematic and statistical variation around the

cut point, however this data was not used during the cut tuning process.

1. Fully Contained

To reduce the probability that the event occurred outside of the ID volume or that
some energy in the event was carried outside of the ID by a penetrating particle, the
event is required to be fully contained within the ID volume. This is done using a

cut on the observed outer detector PMT response. As with other T2K SK samples,



Chapter 6. Neutral Current Pion Interactions in the T2K Oscillation Analysis 101

the same cut on the number of hit PMTs in the highest OD charge cluster is used as
this determining factor.
In addition, a cut of 30MeV is used on the reconstructed 1Re momentum to re-

move non-beam related backgrounds.

2. Fiducial Volume

The Cherenkov light from particles produced close to the detector wall is likely to hit
only a small number of PMTs, making accurate reconstruction challenging. A cut on
reconstructed vertex position is included in order to eliminate these. The distance
of the reconstructed event vertex (assuming the 1Re hypothesis) from any ID wall
must be greater than 80cm.

In addition, there is a cut on the vertex position from the wall, along the outgo-
ing lepton direction. In this sample the 1Re hypothesis is used, and the reconstructed
vertex position must be greater than 170cm from the detector wall along this direc-
tion.

The effect of this cut on the MC can be seen in Fig 6.12, after the application of

the fully contained requirement.

3. Visible Energy

7¥ decay photons are expected to have a minimum combined energy of 135MeV
from the 71 rest mass. The inclusion of a cut on the visible energy allows for the re-
moval of difficult to reconstruct low energy events such as 71+ just above Cherenkov
threshold. This is implemented as a requirement on the reconstructed 1Re momen-

tum being greater than 100MeV as can be seen in Fig 6.13.

4. Decay Electron Tag

As no charged pions or muons are present in an NC7° interaction, no decay elec-
trons should be present. A cut is therefore placed requiring there be no associated

decay electrons based on the fiTQun decay electron tag. This can be seen in Fig 6.14.
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FIGURE 6.13: The visible energy cut used to eliminate CC and NC7t* backgrounds,
this is applied as a function of reconstructed 1Re momentum.
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FIGURE 6.14: The decay electron tag cut is applied to the number of fiTQun sub-

events. Events without a decay electron tag have a single such sub-event, this is

effective in removing v, CC events as well as events with charged pions in the final
state. Excellent agreement between the MC and data is seen in the cut region.
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FIGURE 6.15: The number of rings cut is used to reduce the CCQE background
in addition to events with multiple pions in the final-state. Agreement within ex-
pected bounds is seen.

5. Number of Rings

This analysis makes use of a two-ring 77° sample. While one-ring samples can be
constructed, the available number of events is limited, reducing the ability to con-
strain the cross-section. The number of rings, as defined by the fiTQun multi-ring

fitter for the best-fit hypothesis must be equal to two as can be seen in Fig 6.15.

6. Electron Exclusion

The T2K 1Re samples include a cut to exclude 71° events, this is based on the relative

likelihood of the one ring electron hypothesis to the likelihood of a dedicated fiTQun
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FIGURE 6.16: The cut used to separate CC v, interactions from NC1s. This is

applied as a function of reconstructed 7° mass. CC v, events which predominantly

lie close to the origin at lower likelihood ratio are excluded. The observed data after

all previous cuts is shown by the points while the histogram shows the expected
distribution of all events.

0 fit.

This cut is applied as a function of reconstructed 7° mass. In order to ensure the
NC7? sample does not have any overlap with the 1Re selections and to exclude true
v, CC events, the inverse cut is applied. This can be seen in Fig 6.16.

An additional constraint may be added on the particle identification for the two
rings, requiring both be electron-like. However owing to the difficulty of the in-
clusion of these variables into the detector systematic evaluation, this cut has been
omitted. Future analyses would however benefit from the inclusion of a similar PID

cut.

Data Validation

For each of the cuts described in §6.2.2 it is necessary to validate that the data agrees
with the MC in the region about the cut point, within the expected bounds of sta-
tistical deviation. A discrepancy may indicate that the MC generation process does
not accurately reflect either the underlying events or the reconstruction properties of
the detector. Such a case may require a more detailed investigation of the simulation
before proceeding.

A set of criteria were therefore used to determine if the data and MC were dis-

crepant and required further investigation. For the non-categorical variables, the
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two bins closest to the cut point must both have their data points more than 1 stan-
dard deviation from the MC prediction in either direction.

As there are six non-categorical cuts, there is a 36% probability that one contains
such a fluctuation from chance alone. Hence a single deviation amongst all cuts is
not considered evidence that the data and MC are discrepant overall. Two or more
deviations would therefore be considered a discrepancy, requiring further investiga-
tion.

Only a single greater than one sigma fluctuation in both bins was observed, oc-
curring in the RHC towall cut Fig 6.12, as this cut is extremely early in the analysis
chain and the fluctuation is not seen in the corresponding FHC cut, the data is con-
sidered to be in agreement with the MC about the cut points.

For the categorical variables, the selected category must not exceed two standard
deviations from the MC prediction in any of the four cuts. This does not occur in the
data.

In the final cut Fig 6.16 the number of excluded events in FHC is 5 on an expected
number of 3.89 while no events are cut in RHC on an expectation of 1.05, both within

expected statistical fluctuation.

Sample Event Rates

The resulting sample is enriched in NC ¥ events, with the major backgrounds aris-
ing from v, NC Other, v, CC17t and NC7t* interactions. The total NC7? purity is
56.0% (50.7%) in FHC (RHC). Including NC coherent events which have the same
experimental signature, yields a sample purity of 59.9% (57.9%). The purity here is
lower than seen with previous SK NC7t? samples [105], this is primarily a result of
the lack of an electron-like requirement on the two Cherenkov rings.

In total the FHC (RHC) sample is expected to contain 150.8 (60.8) events, with
84.5 (30.8) signal NC7° events, combined, these have the statistical power to con-
strain the total NC7 event rate to within 12.6%. This is a significant improvement
over the 30% uncertainty on the rate obtained at the PAD [104].

The breakdown of the two samples by true neutrino and interaction is shown in
Tables 6.3, 6.4. The larger vy CC contribution relative to vy CC in the RHC sample,

is due to the higher cross-section for neutrino interaction relative to antineutrino, in
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addition to the high energy tail of the v, flux as seen in Fig 2.9. In total, 74.7% (73.7%)
of all true NC7” events passing the fully-contained and fiducial volume cuts make

it into the final FHC (RHC) sample.

vy Ve vy Ve | Vy—Ve | Uy — 7, | Total
CCQE 459 10921029 | 0.13 1.62 0.02 7.57
CClrn 9.20 | 237|061 | 0.34 2.39 0.05 14.96
CC coherent 0.17 | 0.04 | 0.03 | 0.02 0.04 0.00 0.30
CCnmt 329 | 0.71 | 0.14 | 0.09 0.12 0.01 4.36
CCDIS 2.77 1033 | 0.04 | 0.02 0.02 0.00 3.17
NCr 79.64 | 1.66 | 2.99 | 0.17 0.00 0.00 84.47
NCrt/~ 8.06 | 0.23 | 0.36 | 0.02 0.00 0.00 8.67
NC coherent | 523 | 0.11 | 0.45 | 0.02 0.00 0.00 5.82
NC other 17.74 | 0.65 | 0.79 | 0.06 0.00 0.00 19.25
2p-2h 1.04 | 0.22 | 0.07 | 0.03 0.26 0.00 1.63
NC 1y 0.09 | 0.00 | 0.00 | 0.00 0.00 0.00 0.10
CC Other 0.40 | 0.08 | 0.02 | 0.01 0.03 0.00 0.53
Sample totals | 132.22 | 7.32 | 5.78 | 0.92 4.49 0.09
Total 150.82

TABLE 6.3: The pre-ND280 tune oscillated event rates for the FHC NC7” sample
broken down by interaction mode and neutrino type. All NC events are counted
with their unoscillated flavour. AsimovA oscillation parameters applied.

Sample Kinematics

There are a number of kinematics of interest in this sample, both to understand the
underlying physics of the events and the reconstruction in the detector. One indica-

0 mass width is

tor of this detector accuracy is reconstructed 71° mass. As the true 7
only 7.8eV [15] all NC7¥ interactions produce pions with invariant mass very close
to the on-shell 77° mass of 135MeV /c?. Any spread in reconstructed 7 mass above
this gives an understanding of the detector reconstruction accuracy of NC7° events.

The 71° reconstructed mass is based upon the reconstructed energies of the two

decay photons E,, and E,, and the opening angle 6 between these:

M2, = 2E,,E,,(1 — cos ) (6.2)
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vy Ve Uy Ve | Vy—Ve | Vy— 7, | Total
CCQE 1.14 | 025 | 0.74 | 0.22 0.11 0.20 2.67
CClm 229 | 063 | 151 | 0.56 0.22 0.29 5.50
CC coherent | 0.04 | 0.01 | 0.07 | 0.04 0.00 0.05 0.21
CCnrm 0.79 | 0.21 | 0.38 | 0.13 0.03 0.02 1.56
CCDIS 0.61 | 0.12 | 0.09 | 0.03 0.01 0.00 0.85
NCr 10.05 | 0.41 | 14.85 | 0.32 0.00 0.00 25.63
NCrt/~ 1.38 | 0.07 | 1.39 | 0.04 0.00 0.00 2.87
NC coherent | 0.63 | 0.03 | 2.93 | 0.05 0.00 0.00 3.64
NC other 443 | 0.21 | 210 | 0.08 0.00 0.00 6.82
2p-2h 0.24 | 0.06 | 0.16 | 0.05 0.02 0.04 0.56
NC 1y 0.01 | 0.00 | 0.01 | 0.00 0.00 0.00 0.03
CC Other 0.10 | 0.02 | 0.05 | 0.01 0.00 0.00 0.19
Sample totals | 21.73 | 2.02 | 24.28 | 1.52 0.39 0.60
Total 50.54

TABLE 6.4: The pre-ND280 tune oscillated event rates for the RHC NC7? sample
broken down by interaction mode and neutrino type. All NC events are counted
with their unoscillated flavour. AsimovA oscillation parameters applied.

The energies of the two photon rings are based on the dedicated 7 fiTQun re-
construction. A peak around the 71¥ mass can be seen in the reconstructed 77° mass
distributions in Fig 6.17 resulting from true NC7? events.

A Gaussian fit to all MC events in the 110—160MeV /c? range about the 7° mass
peak yields a standard deviation of 15.63 4- 0.16 MeV /c? (15.85 & 0.12 MeV /c?) for
FHC (RHC). This compares favourably to the approximately 17.5MeV /c? standard
deviation of MiniBooNE [107] using similar detector technology, and the 38MeV /c?
width of the POD NC7t? sample [104]. This indicates excellent reconstruction of both
the energy and angle of the decay photons.

Of particular importance to the Rein-Sehgal model that underpins the T2K pion
cross-section treatment, is the invariant mass of the intermediate state, Fig 1.12. Due
to the lack of sensitivity to outgoing hadrons at SK this mass cannot be accurately
reconstructed, however the MC truth distribution Fig 6.18 shows peaks at the ex-
pected position from the Rein-Sehgal model. The dominant contribution arises from
the A(1232) resonance, showing a peak around an invariant mass of 1232MeV/c?.

The distribution away from this peak arises from other resonances in the Rein-Sehgal
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FIGURE 6.17: The distribution of reconstructed 7° mass for the NC7t” sample, a
large peak is seen around the 710 mass of 135MeV/c? for both true NC7¥ events
and other NC interactions. The data distribution is shown overlaid.

model as well as the I; /, background.
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FIGURE 6.18: The MC truth invariant mass of the intermediate resonant nuclear
state, a large peak about the AY and AT mass of 1232MeV/c? can be seen in the
NC7? interaction mode.

The T2K pion cross-section model provides both normalisation freedom and free-

dom as a function of the squared momentum transfer to the nucleus, Qz, defined as:

QP =-q°

(6.3)

Where q is the four momentum of the weak boson as in Fig 1.12. The distribution

in true Q? is shown in Fig 6.19.

NCr” events are more prevalent at low Q2 with CC backgrounds having a more

broad distribution in Q2. NC coherent interactions are only possible at low Q? where

coherent scattering of the weak boson across the whole nucleus is possible. Due to

the lack of an outgoing charged lepton in NC17 events, accurate reconstruction of

Q? is not possible in SK. Lower Q? interactions do however produce lower momenta
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outgoing pions.
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FIGURE 6.19: The true Q? distribution of events in the NC7t” sample. Interaction
cross-section decreases as Q? increases for all interactions.

The momentum of the outgoing 7t° controls the total energy visible in the de-
tector. The distribution of true 7t final-state momenta for events with a true 7° in
the NC7? sample can be seen in Fig 6.20. NC7¥ events have a broad range of 7°
momenta with a peak at 170MeV.

The low energy threshold for ¥ selection allows for low momenta 7t° events to
be included. This low momentum region is of particular interest as a potential cross-
check on the extrapolation from the higher momentum kinematic region detectable
at ND280 [108] to low momentum sub-Cherenkov pions of relevance to the SK 1Re
1d.e. sample.

0

71° momentum can be reconstructed as the vector sum of the momenta of the two

Cherenkov rings in the 79 fit hypothesis.
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FIGURE 6.20: The MC truth distribution of the highest momentum 7¥ in the final
state. Note, events without 71%’s are not included.
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6.2.3 Parameterisation

In the current T2K cross-section model, the addition of this NC7" sample would
have little impact on the pion cross-section parameters. The large CC17r sample at
ND280 would dominate over the small NC7t” sample. In addition, the current model
lacks the freedom to independently alter the NC17t and CC17t cross-sections. Some
freedom must therefore be added to the model.

A simple normalisation parameter on NC17 cross-section would allow for the
NC7” sample to provide a constraint on the total NC17 cross-section. However, the
kinematic regions covered by the NC7” sample and the background to the 1Ry and
1Re samples are not the same. This can be seen in Fig 6.21 which shows a comparison
between the Q? distribution for true NC7° events in the FHC NCn” sample and in
the FHC 1Re sample. There is a significant difference in the shape of this distribution
due to the different selection criteria for the samples.

If the Q? dependence of the cross-section for CC17t and NC17t events are differ-
ent, then an NC17t cross-section constrained by the NC7t” samples for total rate and
by CC17t samples for the Q? shape, may incorrectly predict the NC17t background
to the one-ring samples. Some Q? freedom in the NC17t cross-section model would

therefore be advantageous over a simple normalisation parameter alone.
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FIGURE 6.21: The MC distribution of Q? for true NC7? events in the NC7" and 1Re

samples, with NC7¥ event rate normalised. There is a significant difference in the

Q? shape. The NC7t” sample shows a more rapid drop-off with Q? than the NC "
background in the 1Re sample. Error bars show the MC statistical uncertainty.
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The current T2K pion cross-section model, based on the Rein-Sehgal model in-
cludes this Q* shape freedom through a resonant axial mass parameter Mg, as in
eqn 5.4. One option is therefore to separate the T2K pion cross-section model into a
CC and NC component, applying separately to CC17r and NC17t events exclusively.

This gives complete independence of NC and CC cross-section ensuring the
NC17t background to the SK one-ring samples are constrained exclusively by NC7*
events.

This naturally includes the shape freedom desired, in the context of the Rein-
Sehgal motivated cross-section model, as well as allowing for a direct comparison
between the resulting NC and CC pion cross-section parameters.

The inclusion of such an NC pion cross-section model does introduce a signifi-
cant amount of freedom to an important background of the oscillation samples. This
has the potential to reduce the oscillation sensitivity of the experiment if not con-
strained. As will be seen in §6.3.1 any such effect is small compared to the limited
statistics available at T2K and does not significantly bias the oscillation contours
even without the constraint from the NC7t” samples.

In addition to these two resonant parameters, the pion model includes contri-
bution from the non-resonant I ,; background. It has been found that many events
with low momentum charged pions can be selected in the 1Ry SK samples, hence to
provide additional freedom in this region, the I; /, background parameter is split into
two. One for non-resonant antineutrino events with outgoing negatively charged pi-
ons of momentum below 200MeV /c and one for all other non-resonant events.

To prevent incidental correlations between the CC pion samples and the NC sam-
ples from these parameters, these are also separated into CC and NC components.
It is not expected however that the SK NC7t? sample will provide any significant
constraint to these non-resonant parameters.

The parameterisation used for this study expands upon the pion parameters of

the T2K model and consists of 10 cross-section parameters:

1. CC C4 — The normalisation to the CC axial form-factor, applies to CCl7

events.
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2. NC CZ — The normalisation to the NC axial form-factor, applies to NC17

events.

3. CC M4,, — A shape parameter affecting the Q? dependence of the CC axial

form-factor, applies to CC17t events.

4. NC Mﬁes — A shape parameter affecting the Q? dependence of the NC axial

form-factor, applies to NC17 events.

5. CC I;/,— A normalisation parameter affecting the non-resonant CC produc-

tion cross-section, applies to CC17t events.

6. NC I; /,— A normalisation parameter affecting the non-resonant NC produc-

tion cross-section, applies to NC17t events.

7. CC I /5 low Pr— A normalisation parameter affecting the non-resonant an-
tineutrino CC production cross-section with a negatively charged pion of mo-

mentum < 200MeV /¢, applies to CC17 events.

8. NC I/, low P,— A normalisation parameter affecting the non-resonant an-
tineutrino NC production cross-section with a negatively charged pion of mo-

mentum < 200MeV/c, applies to NC17t events.

9. CC coherent— A normalisation parameter controlling the CC coherent pion

production cross-section, applies to CC coherent events.

10. NC coherent— A normalisation parameter controlling the NC coherent pion

production cross-section, applies to NC coherent events.

Parameters 1—S8 are included as spline parameters, having a non-linear effect on
the cross-section of a given event with parameter variation. While parameters 9 &
10 are included as a simple normalisation on the corresponding event type.

As the parameters in this expanded model directly derive from the current T2K
cross-section model, the same response calculations can be used to evaluate the im-
pact of these parameters on a given event. As with other spline parameters, the
weight for each event is calculated over a range of values of each parameter and a

cubic polynomial spline is used to interpolate between these discrete points.
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As the response function for pion production works for both CC and NC events,
these weights may be generated in the standard T2K analysis flow and then sepa-
rated into charged and neutral-current events with corresponding CC or NC param-

eter.

6.2.4 Cross-Section Prior

For any Bayesian analysis, it is necessary to ascribe a prior constraint on the param-
eters of the model. As the prior constraint on pion production at T2K is derived
entirely from CC data [90], this prior can be re-used for the CC parameters above.
For NC17 however a new prior constraint from available NC17r data must be
made, this is challenging due to the limited available NC17 data.
A selection of NC17t cross-section measurements can be seen in Table 6.5. All
ratio measurements show significant uncertainty on top of the uncertainty on the

underlying CC cross-sections being compared to.

Source Target NC/CC Ratio Value
ANL [109] H, oc(vup = vupn®) /o (vup — uprt) 0.09 £0.05
ANL [109] H, o(vup = vynnt)/o(vup — p-prt) 0.12+£0.04
ANL [110] D, o(vyn — vypr~)/o(vyn — pnmt) 0.38 £0.11
Gargamelle [111] | C3HsCEsBr | o(vup/n — vup/nn®) /20 (vyn — u~pn®) | 0.45+0.08
CERN PS AP [110] Al o(vup/n — vup/nn®) /20 (vyun — p~pn®) | 0.40+0.06
BNL [112] Al oc(vup/n = vup/nn®) /20 (vyn — ppn®) | 0.248 £+ 0.085
NEUT (untuned) CH, oc(vup/n — vup/nn®) /20 (vyn — ppn?) | 0.44 at 2GeV
ANL [109] D, o(vyn — vypr=)/o(vup — p~prt) 0.11 £0.022

TABLE 6.5: Measurements of NC to CC pion production cross-section for a range
of interaction modes. Most show significant fractional error on their measurements
and in the case of NC/ CC7 disagreement between experiments. Adapted from

[113].

Additional data is available from MiniBooNE for NC7® production on a nuclear

target [99]. This yields a v, NC17 cross-section on CHj of 4.76 = 0.055¢4¢ &= 0.765ys X
10~%%cm? /nucleon at a mean energy of 808MeV, this compares to 6.15 x 104 for

NEUT at this energy, a 22% difference.
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FIGURE 6.22: The prior uncertainty on the expanded pion treatment. The CC pa-

rameters inherit from the combined CC and NC parameters of Fig 5.5. The NC

parameters are conservatively chosen to cover the range of values seen in external
NC datasets.

Considering these measurements and the lack of direct fits to C& and Mg.,, an
uncorrelated uncertainty of 30% was chosen for both NC C4 and NC Mg, in order
to ensure sufficient Q? shape freedom. For NC I; /, a prior uncertainty of 80% was
selected as a conservative estimate, it is not expected that the SK NC 0 sample will
provide significant constraint due to the dominance of the A(1232) resonance over
the I; /» background. For I; /, low P the T2K model currently includes a 135% uncer-
tainty, motivated by the need to ensure stability of the fit, which was not expected to
have any significant data constraint [91]. The same uncertainty therefore was chosen
for NC I/, low P, motivated by the same stability argument. These uncertainties
and correlations for the pion model are shown in Fig 6.22.

Overall, these prior uncertainties correspond to an uncertainty on the NC7°
event rate in the NC7t” sample of approximately 60%. This is sufficient to conserva-
tively cover the disparity between the NEUT generated cross-section and Gargamelle,
CERN PS AP, and BNL results in addition to providing a significant amount of Q?
shape freedom. The central values of the priors are the same as for the CC parame-

ters.
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FIGURE 6.23: The true NC7¥ purity as a function of reconstructed 7° mass for
the FHC and RHC samples. Both show a high purity around the 77° mass peak of
135MeV, with backgrounds dominating outside of this region.

6.2.5 Binning selection

To make maximum use of the new NC7” samples, it is necessary to choose a variable
or set of variables to perform the fit in. For this there are a number of potential
options:

The same E,. cos 6 binning as the 1Re sample would allow for a direct estimation
of the background to the 1Re samples. This however relies on binning a selected two-
ring event in variables derived from a single-ring fit. The fiTQun fit to the event may
be prone to instability fitting one-ring kinematics to such events, in addition to the
challenging interpretation of such a reconstruction.

In order to simplify the analysis, it was decided to perform the fit in a single
variable. Due to the omission of the PID cut and the associated reduction in total
sample purity, reconstructed 71° mass was used, this provides additional separation
between signal and background. Note that with a greater sample purity, a two-
dimensional fit to pion momentum and angle should be investigated as a potential
improvement.

The purity of true NC7t? events as a function of reconstructed 77° momentum can
be seen in Fig 6.23. At the signal peak, seen around the 77° mass of 135MeV/c?, the
purity of the FHC (RHC) sample reaches 79% (73%), significantly higher than the
average sample purity of 56.0% (50.7%).

As such, performing a fit with bins in reconstructed 71 mass has the potential to
improve the statistical sensitivity of the sample to the NC7? signal.

The 7% mass binning was selected by requiring a minimum of one nominal
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FIGURE 6.24: The distribution of events by true interaction mode in the binning
used in the fit. A large fraction of all backgrounds reconstruct with high 7% mass.

MC predicted event per fit-bin and requiring that the width of the bins be larger
than the reconstruction resolution, which here is the full width of the distribution
~31.3MeV /2.

It was decided to separate the ¥ mass peak into two bins about the true 7

mass.
The width of each bin being 35MeV /c?, slightly larger than the distribution width.
As the remaining regions contain very little signal, each was given a single bin. Due
to the similarity in the distributions, both the FHC and RHC samples were given
the same binning. In total, each sample used four bins with reconstructed 7° mass
ranges of: 0-100, 100-135, 135-170 and 170+. The breakdown of events by interaction
mode in this binning can be seen in Fig 6.24.

The minimum bin width is therefore 35MeV/c?, larger than the 31.3MeV/c? re-
construction precision and the minimum number of predicted events in any bin is

3.0. The majority of backgrounds lie in the highest reconstructed mass bin while the

signal NC7t? lies in the central 100-170MeV /c? bins.

6.2.6 Super-K Detector Systematics

In order to properly account for the uncertainty in this NC7 sample, it is neces-
sary to consider the impact of the detector and the event reconstruction on the SK
samples.

Systematic effects, such as the uncertainty on detector fiducial volume have the
potential to impact the purity, efficiency and distribution of events in each T2K SK
sample. Each cut used in the SK event selection is susceptible to variation in the

underlying variable being cut upon. Such variations will depend on the topology of
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the events, in addition to their kinematics. The freedom provided by these system-
atic effects must be included in the fit along with a prior uncertainty deriving from

data or estimates of their uncertainty.

One-ring systematics

For the one-ring SK samples, the selections depend upon a fiducial volume require-
ment, the number of reconstructed rings, particle ID of the ring, a decay electron tag,
and, in the case of the 1Re samples, an e-1t0 likelihood cut. The difference between
the MC prediction for these variables and the real detector response must therefore
be evaluated.

For the fiducial volume uncertainty, data—MC comparisons of the reconstructed
vertex position for stopping cosmic ray muons are used. These muons pass into the
ID region above Cherenkov threshold, drop in energy and stop. As these are known
to be entering the ID at zero wall distance, the difference between the MC and data
reconstructed position of these types of event can be used to estimate the systematic
uncertainty on vertex reconstruction.

A difference of 2.5cm is seen between the MC and data distribution. In the worst
case, in which all events shift towards the detector wall, this corresponds to a 0.43%
change in event rate in each sample [95].

For the decay electron tag, the stopping cosmic ray sample is again used. A
stopped muon should produce a single decay electron. The difference in number of
tagged electrons in a tuned stopping cosmic muon sample, compared to the data,
can be used as an estimate of the detector induced uncertainty on false positive and

false negative tagging efficiency. This is summarised in Table 6.6.

Data Tuned MC Detector Uncertainty
Tagging Efficiency 84.740.2% 86.01+0.2% 1%
False Positive Tagging Rate | 0.2140.02% | (9.54:0.6) x 10~3% 0.2%

TABLE 6.6: The stopping cosmic ray muon decay electron tag efficiency for data
and tuned MC. The data MC difference is used as the detector uncertainty on tag-
ging efficiency. Reproduced from [95]

The uncertainty of cuts on number of reconstructed rings, particle ID and 7°

likelihood are considered separately for each event topology.
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Different methods are used to estimate the uncertainty on each topology. The

1Ry samples primarily use an atmospheric neutrino fit as can be seen in Table 6.7.

Event Type | Ring counting | Particle ID
v, CClu Atmospheric v fit
v, CC other Atmospheric v fit
v, CC 100%
NC Atmospheric v fit = 64.5%

TABLE 6.7: The systematic uncertainty constraint on the topologies contributing

to the SK 1Ry selections. Note that topologies with a single source quoted have

uncertainty on all three of these cuts included into a single error. Reproduced from
[95].

This atmospheric fit makes use of atmospheric neutrino interactions from five
years of SK data collection, allowing for a significantly higher number of interaction
events than in the T2K dataset. The atmospheric data is separated into three selec-
tions based purely on the number of observed decay electrons, 0, 1, and 2+. Each
sample is split into different regions of the detector, based on reconstructed distance
from the nearest detector wall and distance to the wall along the reconstructed out-
going lepton direction.

Each sample in each detector region is then binned in the fiTQun likelihood ratios
used by the T2K sample cuts. The atmospheric MC is similarly selected and binned,
then fit to these data samples in each sample, detector region and fiTQun variable
simultaneously. This fit is performed with a model-dependant MCMC approach,
a model of flux, cross-section and oscillation is included, in addition to detector
uncertainties.

These detector uncertainty parameters directly alter the fiTQun likelihoods for
each true topology in each detector region separately. A shape-only log-likelihood
measure is then used to compare this altered MC to the atmospheric data in each
of the reconstructed fiTQun likelihoods, thus obtaining the best reproduction of the
observed likelihood distributions.

The end result of this is a Markov chain containing information about the pre-
ferred distribution of the reconstructed fiTQun likelihoods for each final state topol-

ogy, in each region of the detector.
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By sampling steps from this chain, a distribution of the predicted number of
selected events in the T2K samples by final state topology may be constructed. The
mean and variance of this distribution relative to the number selected in the T2K
MC gives an estimate of the uncertainty on the selection efficiency for that topology
[114].

Comparing the predicted event rate for NC7t* with these fiTQun shifts, applied
to the T2K MC, a large overall reduction is seen compared to the unshifted MC.
Yielding a 52% uncertainty on NC7t* selection efficiency, this is the primary driver

of the 64.5% uncertainty on all NC events in the 1Ry samples [95].

Event Type Ring counting | Particle ID | 7 rejection
v, CCle Atmospheric v fit
v, CC other Atmospheric v fit
v, CC DIF 16%
v, CC non-DIF 36.1%
v, CC other 100% 50% 100%
v, CC 11° other Hybrid 7°
NCr? Hybrid 7°
NC 7° other Hybrid 7°
NC 1 v, CCle + 1%
NCr* 100% 100% 100%
NC other 100% 100% 100%

TABLE 6.8: The systematic uncertainty constraint on the topologies contributing

to the SK 1Re selections. Note that topologies with a single source quoted have

uncertainty on all three of these cuts included into a single error. Reproduced from
[95].

In the 1Re samples, the same uncertainty on fiducial volume and decay electron
tagging is used, however additional uncertainties must be considered due to the
significant 7t° background in the 1Re sample as can be seen in Table 6.8.

The same atmospheric neutrino fit is used for v, CC events, however for events
with a 1% a ‘hybrid 719 sample is used. This takes a true 71° MC event and substitutes
one of the two photon decay rings for an atmospheric 1Re or decay electron event
with equal reconstructed energy. The detector response from the remaining MC

photon is then overlaid on the atmospheric event and the full event is reconstructed

with fiTQun.
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The fiTQun reconstructed likelihoods of these hybrid events can then be com-
pared to the pure MC event it is derived from to determine the uncertainty on se-
lecting a true NC7t? event as 1Re [95]. For the NC7t” + other and CCn” topologies
a similar approach is used but with an additional MC particle corresponding to the

non-7tY

component [115].

Muon decay-in-flight events can be misreconstructed as 1Re events, here an above-
Cherenkov muon decays, producing an electron, if this electron is aligned with the
muon direction, an overlapping muon and electron ring will be observed. Uncer-
tainty on the selection of these events is based on a comparison of the selection effi-
ciency for true DIF MC events selected by the 1Re selection and a truth-level selec-
tion. This is added in quadrature with the uncertainty due to the muon polarisation
to obtain a 16% uncertainty [116].

The uncertainty on v, CC events is derived from comparing the 1Re selection
efficiency for stopping cosmic ray muons in data to tuned MC [95].

The remaining event topologies; v, CC other, NCrt*, and NC other are each

given uncorrelated conservative uncertainties on ring counting, PID and 7° rejection

efficiency.

NC7r’ Systematics

For the NC7t” sample, some of these systematic uncertainties are not applicable ow-
ing to the different cuts used in the selection, hence in total, four systematics are

used [117]:

1. Fiducial Volume: A fully correlated uniform 0.5% uncertainty on the event rate

in all samples.

2. Decay electron tag: Correlated uncertainty on the efficiency of tagging true

decay electrons and mis-tagging events without such decay electrons.

3. Muon decay-in-flight (DIF): A 16% uncertainty on the rate of events with a

muon that decays while above Cherenkov threshold.

4. Multi-ring atmospheric constraint: Uncertainty on the number of reconstructed

rings and fiTQun e/ 70 likelihood ratio.
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Of these, the most significant for the NC7t” sample is the multi-ring atmospheric
constraint, derived from a fit of SK atmospheric data.

This procedure is similar to the single-ring atmospheric constraint. The SK atmo-
spheric MC and data are separated into five single-ring and three multi-ring sam-
ples. This is selected by the fiTQun reconstructed number of rings, decay electrons
and, in the one-ring samples, by either an e-like or u-like ring. These samples are
then binned in a series of chosen fiTQun reconstructed likelihood ratios e.g. the e/ 7t
PID ratio. For each of these ratios a set of ‘shift and smear” parameters are used for
each final state topology and visible energy range. These allow for independent
variation of the reconstructed likelihoods of an event according to its topology and
visible energy.

A shape-only fit is then performed between the MC and data in all of the chosen
reconstructed likelihoods and visible energy ranges with the shift and smear param-
eters free. This fit includes atmospheric flux, cross-section and oscillation nuisance
parameters. A modified version of MaCh3 is used to perform this MCMC fit. For
more information see Appendix B. The result of this fit is a Markov chain, encoding
the biases and uncertainties on the PID distributions of different event topologies in

different visible energy ranges, as constrained by atmospheric data.

Inclusion into MaCh3

At present, the parameters of these systematic uncertainties are not directly included
in the fit, instead, their impact on the samples is evaluated prior to the fit and in-
cluded as a binned normalisation response. A series of uncorrelated throws of these
systematics is made with their expected uncertainties above. For the multi-ring at-
mospheric constraint, steps from the chain are used, the values of the shift and smear
parameters at a given step being used rather than a throw.

For each evaluation, the full SK 19b MC is weighted and its reconstruction likeli-
hoods adjusted, according to the systematics being applied. The SK event selections
are then applied to this shifted and weighted MC to construct the T2K samples. This
is then coarsely binned in the reconstructed variable used by the sample in the T2K

fit; neutrino energy for the one-ring samples and 71° mass for the NC7 sample. The
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event rate of different interaction modes and neutrino flavours in each sample bin is
stored for that evaluation and this process is repeated a total of 1000 times.

Each sample groups different neutrino flavours and interaction modes depend-
ing upon the significance of the contribution to the sample. The event rates from the
throws are grouped into these categories for each sample, e.g. for the 1Ry samples,
v, CCQE-like events dominate, with v, non-CCQE being a major background, these
are therefore grouped separately.

A covariance matrix is then generated in this binning for the throws compared

to the nominal (post-ND280 tune) prediction:

Cov---* Z (NiThmw_1> (jThrow—1> (6.4)
U Throws — 1 S NiNominal NjNomimll ’

Where N!7% is the number of predicted events in a given interaction mode
group and kinematic bin ‘i’ for a specific throw.

By taking the ratio relative to the nominal event rate in the bin, systematics that
cause an overall bias in the event rate have their biases and spread combined in
quadrature. This ensures coverage of the systematics over the range likely to be seen
in the data. Each of these bins of given interaction modes and neutrino flavours is

given a parameter in the fit which acts as a normalisation parameter for the corre-

sponding events. The above covariance matrix acts as its prior uncertainty.

Parameterisation

As with the other one-ring systematics, the NC7t¥ systematics are included as a se-
ries of normalisation parameters impacting particular interaction modes in specific
kinematic regions of the sample. The choice of this parameterisation makes use of
the predicted event types in the sample, grouping events by signal and the dominant
backgrounds.

For the NC7? sample therefore, true NC7P and NC coherent interactions, both
dominated by a final state consisting of a single 71° were grouped together. The most
significant background originates from CC interactions. These are dominated (70%)

by v, or 7, events. The remaining most significant contributions arise from NC7*
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FIGURE 6.25: The contributions from different detector systematic uncertainties to

the overall FHC and RHC NC#” samples. The total uncertainty is dominated by

the uncertainty on Cherenkov ring counting and the e/n° likelihood ratio. The
labels show the first parameter in a set, binned in reconstructed 77° mass.

and NC other events, each of which are given their own parameters, with the small
NC 17 background grouped into NC other.

For the kinematic binning, a similar approach to that currently employed for the
1Re samples was used. The signal was split into three regions, a central region con-
taining 70% of all signal events and two side regions each containing approximately
15% of all signal events. This was achieved with binning of 0—120, 120—150, 150+
MeV /c? in reconstructed 71° mass. Having 16%, 62% and 22% of all signal events in
each bin respectively, while being symmetric about the true 77° mass of 135MeV /c?.

The final parameter uncertainty in this binning is shown in Fig 6.25, broken down
by systematic contribution, with the atmospheric constraint split into its two com-
ponents; the uncertainty on ring counting and on the e/ 7" PID. The contributions
add in quadrature, with the exception of ring counting and e/7® PID, which are
correlated.

The dominant contribution to the total uncertainty on the signal NC7¥ arises
from ring counting. While e/7° PID has a significant impact on the low recon-

0

structed ¥ mass background parameters. This low 77 mass region has a high con-

centration of the CC background removed by the e/7° cut of Fig 6.16, hence this
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systematic has a more significant effect on the low mass bins.

The next leading uncertainty after the multi-ring atmospheric fit is the uniform
0.5% fiducial volume uncertainty. Decay electron tagging uncertainty contributes a
uniform 0.22% to all bins.

The correlation between these parameters can be seen in Fig 6.26. Due to the
small number of systematics shared between the NC7” samples and the one-ring
samples there is very little correlation between these two sets of parameters. Strong
positive correlation is however seen between the signal NC7t? parameters, indicat-
ing that the dominant number of rings systematic is independent of reconstructed

0

719 mass for NC7t® and NC coherent events.

6.3 Sensitivity Studies

6.3.1 Impact of expanded cross-section parameterisation

The addition of NC17t specific cross-section parameters will provide the fit with
additional freedom, it is therefore necessary to ensure that this freedom does not
itself introduce a bias or undesirable behaviour.

An Asimov fit was therefore run, including these parameters and the NC7t° sam-
ples and compared to a standard Asimov fit result. There is a small bias introduced
into the flux, Fig 6.27 shows an overall increase in flux with very little energy depen-
dence. The magnitude of this bias (0.2%) is however considerably smaller than both
the post-fit parameter error and the simulated data impact of Fig 6.5.

The cross-section parameters show a more significant change. Fig 6.28 shows a
2% increase in NC coherent cross-section and a 3% increase for NC other at SK. Other
parameters however show much smaller effects, and are smaller than the NC17
simulated data. As the CC1I;/, low P parameter applies only to antineutrino events
with a sub 200MeV negatively charged pion at SK, the impact of the shift seen here
on the SK samples is extremely small.

In the SK detector systematics shown in Fig 6.29, a 6% shift is seen in the poorly
constrained v, CC background to the 1Ry samples. The only other significant impact

is a reduction in the 1Re NC parameters of up to 2.5%.



Chapter 6. Neutral Current Pion Interactions in the T2K Oscillation Analysis 125

Energy scale

RHC NCx” NC Other
RHC NCn° NCr*
RHC NCr® CC

RHC NCx° Signal

o
[o0)
Correlation

o
o

FHC NCr® NC Other
FHC NCr° NCr*

|
o
~

FHC NCr® CC

FHC NCr° Signal

FHC 1Re 1d.e. NC

FHC 1Re 1d.e. intrv, CC
FHC 1Re 1d.ev CC
FHC 1Re 1d.e. oscy, CC

o G

RHC 1HAvu CCQE

|
o
[N

RHC 1Re NC
RHC 1Re intr.v, CC
RHC 1Rev CC

RHC I'-Fég‘osc&3 cC
FHC 1§uvM non

FHC 1Ru v, CCQE

FHC 1Re NC

FHC 1Re intr.v, CC

FHC 1Re v, o

FHC 1Re osc.v, CC

Q g Q QW WO O O O W WO Q92w Q 4 3 ® Q 5 2
8 88 2§ &8V 8 8 2§ &8L382¢F 8 § 2 € 8 5 & 3
o > - o Q § s 2 o o O § e 202 o, =2 5 2 9 =z 5 8
58 ¢ €0 88 5 F €0 pE 308 £ 508 53 3
I ) £ 5725 3 S B < 3
Bo £ o BEBE L o "8isEs 582 58 2%
e Q @ f¢& ofe o & B 0Fv.32 25 %225 %4
£ T = o - E o '&“‘smeogungmxz
Q ? @ o T 9 2 2o @ T Lok T o
o FeE & Foosge E z
& g ote
T o«

RHC NCx” NC Other

o
[00)
Correlation

o
o)}

RHC NCr° NCr*

o
~

RHC NCx° CC

o
o

RHC NCr° Signal

FHC NCr® NC Other

FHC NCr° NCn*

FHC NCr® CC

FHC NCr° Signal

Q
o
I§]
b4
S}
I
o

FHC NCx° Signal
FHC NCr° NCr*
FHC NCr° NC Other
RHC NC° Signal
RHC NCn° NCr*
RHC NCx® NC Other

FIGURE 6.26: The correlation between SK detector systematic parameters, top for

all parameters, bottom for the NC7t® samples only. Very little correlation is seen
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in the systematic uncertainties that apply to both.
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Finally, the addition of the sample does not cause any change in the recovered
oscillation contours, as can be seen in Fig 6.30. The NC7t” samples are not expected
to provide any additional oscillation sensitivity, hence the contours do not become
more tightly constrained. In principle, the additional cross-section uncertainty on
NC17 events could cause a reduction in sensitivity however any such effect cannot

be readily seen.
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FIGURE 6.30: The impact of the addition of the NC7” samples and new NC17
cross-section parameters on the recovered oscillation contours.
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The impact of the additional parameters and samples is therefore most signifi-
cant in NC coherent, and NC other cross-section, in addition to the v, contribution
to the 1Ry samples. These effects are however significantly smaller than the post-fit
uncertainty on the parameters, and have a smaller impact on the samples than the

magnitude of the simulated data study in §6.1.1.

6.3.2 Simulated Data Studies with NC7°

In order to assess the ability of the NC7t to reduce or eliminate the bias seen in the
simulated data study §6.1.1 a similar simulated data study was performed with the
addition of the NC7t” sample and the NC parameters.

The NC17t event rate in all samples was uniformly increased by 30% at both
ND280 and SK and a fit performed.

The impact on the central values and credible intervals of the parameters in the
fit can be seen in Figs 6.31 — 6.34.

The flux parameters show a significant reduction in the bias seen compared to
the simulated data fit of §6.1.1. The maximum bias is reduced from 23% of the post-
fit uncertainty to 6% and the observed dependence on neutrino energy is eliminated,
this indicates that the fit is no longer using the freedom in the neutrino flux to emu-
late the excess seen at low reconstructed energy in the T2K samples.

The cross-section parameters Fig 6.32 show a reduction in the bias seen in the
2p-2h parameters, the v 2p-2h normalisation parameter bias decreases from 21% of
postfit uncertainty to 8%. The CCQE Q? normalisation parameters show little overall
change.

There is a reduced shift in the dominant C& and M%,, pion parameters, however
the I ;» and I/, low P, parameters are shifted more. Of the new NC pion parame-
ters, the most significant impact can be seen in NC C& which is increased from its
pre-fit value of 0.95 to 1.10.

The effect of this simulated data on the post-fit pion parameters in the CZ& Mg,
space can be seen in Fig 6.33. The CC parameters correctly cover the pre-fit point
to 1o while the NC parameters show a clear shift to higher C& and overall higher
NC17t event rate. Due to the large CC17t sample at ND280, the constraint on the

CC parameters is stronger than on the NC parameters. The limitations in Q? shape
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FIGURE 6.31: The post-fit parameter central value and posterior width for the FHC
SK flux systematic parameters. The dashed line shows the parameters from the fit
without the NC7t” sample of §6.1.1 while the solid line shows the fit with the NC7°
sample. There is a significant reduction in the bias seen, particularly at low energy.
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FIGURE 6.32: The post-fit parameter central values and width for a selection of
cross-section parameters. The parameters in the fit with NC7t” show a reduction in
bias in a number of parameters, particularly the 2p-2h normalisation parameters.
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determination of the NC7” sample can be seen by the limited constraint provided

along contours of constant event rate.
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FIGURE 6.33: The C& and M4, credible regions for CC and NC modes, overlaid

on contours of constant event rate in the FHC and RHC NC7” samples. The NC

parameters show a shift towards higher C£ and slightly lower M4... Event rate

lines show a change of 20 events in the combined FHC + RHC sample, increasing
with C£' and M.

The bias on NC other near is significantly reduced from 24% of the postfit un-
certainty to 4%. The most significant non-NC17 related change with the addition of
the NC7? sample is the reduction in the post-fit central value of NC other far which
is pulled by 22% of its postfit uncertainty. NC other events do however constitute a
smaller fraction of events in the SK samples than NC17 events, hence the impact of
this bias is significantly less prominent than the change in the simulated data.

The recovered SK detector systematic parameters show a reduced bias in the
background components of most samples, see Fig 6.34. In the 1Re samples, the v,
CC parameter bias is almost eliminated at low reconstructed energy. The most sig-

nificant reduction in bias can be seen in the 1Ry NC parameters, decreasing from

15% to 6% of its postfit uncertainty.
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FIGURE 6.34: The post-fit parameter central value and width for the SK detector
systematic parameters. There is a reduction in the bias seen in these parameters for
many of the background parameters upon the addition of the new sample.
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Overall the impact of this fit on the predicted event distributions at SK can be
seen in Fig 6.35. Here the same increase in event rate at low reconstructed neutrino
energy as in §6.1.1 is provided by the new NC17 cross-section parameters. This
therefore reduces the need for the SK detector systematics, flux and other cross-
section parameters to shift their values in order to recreate the observed spectrum.

The impact on the recovered oscillation parameters can be seen in Fig 6.36, these
credible regions match the Asimov constraint very closely and show a reduced bias
compared to the simulated data fit performed without the NC7” sample in Fig 6.9.

Overall, from the simulated data study in §6.1.1, it can be seen that differences
in NC17t cross-section relative to CC17t cross-section have the potential to bias both
the T2K nuisance parameters in addition to the oscillation parameters. In addition,
these biases apply to parameters not intended to absorb such changes, limiting the
sensitivity to the underlying effect a given systematic was designed for.

The addition of SK NC7t” samples, in conjunction with an expanded NC17t cross-
section parameterisation does not in and of itself introduce any significant bias or
reduce the sensitivity of T2K to oscillation effects, as described in §6.3.1.

As seen in §6.3.2, the NC7t” samples do however provide the NC17 specific sen-
sitivity required to identify a change in NC17t event rate independently of the CC17
rate and constrain the relevant cross-section parameters. This then reduces or elimi-
nates the biases seen in both the nuisance and oscillation parameters from the simu-

lated data studies performed without these additions of §6.3.1.

6.4 Data Fits

In order to investigate the impact of this improved treatment on the T2K data fit
results, a full fit to T2K run 1-10 data was performed. The results with the inclusion
of the NC7t" samples and NC17t cross-section parameters can then be compared to

the results from the current T2K result before these additions [97].
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FIGURE 6.35: The impact of the fitted SK detector and flux and cross-section pa-
rameters on the predicted SK event spectra for the FHC 1Ry sample (top) and the
FHC 1Re sample (bottom). The prediction is split into the impact of the NC17t
cross-section parameters alone (cyan) and all other flux, cross-section and SK de-
tector parameters combined (purple). The NC17r parameters are able to correctly
absorb a large majority of the observed simulated data increase, with the remaining
cross-section and SK detector parameters contributing significantly less than seen
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FIGURE 6.36: Two dimensional posterior credible regions, marginalised over all
other parameters for the four oscillation parameters T2K has sensitivity to. Here
shown for two joint ND280 and SK fits, one an Asimov fit to the pre-fit MC in blue,
and a fit with NC17 cross-section uniformly increased by 30% including the new
NC pion cross-section parameters and the NC7t® samples. Top marginalised over
both mass orderings, bottom for normal ordering, without reactor constraint. The
bias in the contours seen in Fig 6.9 is almost eliminated with the addition of the
new parameters and the NC7t” samples.
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6.4.1 Data Validation

While the standard T2K samples have been validated for the recent analysis, the
NC7t’ samples must also be verified. The impact of the imposed cuts were vali-
dated in the manner described in §6.2.2, this confirmed that the cuts were not being
imposed in a region with significant data-MC discrepancies.

The accumulation of events in the samples as a function of POT exposure can
be seen in Fig 6.37. Neither sample shows regions with an excessively high or low

selection rate nor, any simultaneous events.
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FIGURE 6.37: The accumulation of selected events in the NC7t” samples with POT.

The grey band shows the 1¢ statistical uncertainty on the mean event rate. There

are no major discrepancies between the observed data and the mean accumulation
rate.

The distribution of the data in the sample binning can be seen in Fig 6.38. The
data shows a reduction in rate relative to the MC for the region with high NC7°
purity, while the background dominated high reconstructed mass region shows an
excess in both the FHC and RHC samples.

It is therefore to be expected that the fit will decrease the NC7t? cross-section
relative to the pre-fit prediction. This is the same behaviour as observed in the CC17
model, where there is an approximate 20% reduction in CC17 event rate upon fitting
to data.

As the CC cross-section is well constrained by ND280, the excess at high 71° mass

is likely to be absorbed by the detector systematic uncertainties in this region.

6.4.2 Data Fits

These NC7t¥ data distributions were included in a fit to T2K run 1-10 data with the

expanded NC17 cross-section described above. The impact of this on the recovered
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FIGURE 6.38: The observed NC7 data distribution in the fit binning compared to
the pre-fit prediction.
flux parameters can be seen in Fig 6.39. As was seen in the simulated data study
§6.3.2 the impact is most pronounced at low neutrino energy, with up to a 1.9%
reduction in FHC neutrino flux in this region. This is very compatible with the up to
1.5% change observed in this simulated data study.

There is however a difference in behaviour for RHC, showing a decrease in flux
for 7, across the whole energy range. As the NC17 cross-section model has no ex-
plicit neutrino-antineutrino freedom, any observed FHC/RHC discrepancies in the
NC7? sample event rates must be accounted for in the flux parameters. The NCrt°
samples therefore have some ability to constrain the ratio of FHC to RHC flux.

As was seen in the simulated data study of Fig 6.6, the 2p-2h normalisation pa-
rameters are some of the most impacted by the NC17t changes. This is repeated with
the data fit results of Fig 6.40. Here the 2p-2h neutrino normalisation is decreased
while antineutrino is increased.

In the current T2K CC cross-section model, there is very limited neutrino-antineutrino
freedom. The 2p-2h parameters represent the most significant such freedom, having
different, uncorrelated normalisation and shape freedom for neutrino and antineu-
trino interaction. A change in the ratio of FHC to RHC flux may therefore be ab-
sorbed into this neutrino antineutrino freedom. As 2p-2h events in T2K primarily
come from higher energy neutrinos, above 0.5GeV, this different behaviour acts to
cancel out much of the difference seen in the RHC 7, flux decrease at high energy.

The largest changes in the cross-section parameters however occur in NC param-
eters. Notably NC C4 and NC Mg, show distinctly different behaviour to their CC

counterparts. NC C£ is decreased while NC Mg, increases, both by more than
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neutrino flavour, in ascending energy. Both fits show a preference for higher flux at
low energies, however the fit with NC7 has a 1% reduction in flux at low energy
across all neutrino flavours.
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FIGURE 6.40: The recovered values for a selection of cross-section parameters for

a fit to T2K data including the NC7t” samples and NC17t cross-section parameters.

The most notable changes relative to the standard T2K fit are seen in the NC other
at ND280 and the neutrino 2p-2h parameters.
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their post-fit uncertainty. The corresponding CC parameters are pulled by 50% of
their postfit uncertainty in the opposite directions. This results in a change in the Q?

shape but little change in overall CC17t event rate.
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FIGURE 6.41: The recovered credible regions for the Cg‘ and Mées parameters,
marginalised over all other parameters in the fit. Both sets of parameters recover
a similar total NC7t¥ sample event rate, and lower than the pre-fit prediction. The
NC parameters however prefer higher values of Mg, and lower CZ. Rate contours
correspond to a change of 20 NC17 events in the summed FHC + RHC sample.

A comparison between the credible regions for the NC and CC pion parameters
in the C&'— MZ., space can be seen in Fig 6.41. Both NC and CC parameters corre-
spond to a reduction in pion event rate relative to their pre-fit parameter values. The
NC parameters prefer significantly higher values of M4, than the CC parameters,
with overlap at the 90% level but not at 68%.

The effect on the NC17 event rate in the NC7t” samples from these parameters
can be seen in Table 6.9. Here the event rate of NC17 events in the NC7? sample, as
predicted by the posterior distribution of the pion parameters, is shown relative to

the pre-fit prediction.
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FHC NC7° RHC NC7°
Mean | Std Dev | Mean | Std Dev
NC (posterior/prior) | 0.844 | 0.098 | 0.812 | 0.116
CC (posterior/prior) | 0.722 | 0.044 | 0.687 | 0.0591

NC/CC ratio 1.17 £ 0.15 1.18 £ 0.20

TABLE 6.9: The posterior predicted NC17 event rate in the NC7t¥ samples, relative

to the rate predicted by the pre-fit pion parameter values. The NC and CC refer to

using the recovered NC17t or CC17 cross-section parameters to predict this event

rate. Both show a decrease in predicted event rate, with the constraint provided by
the NC parameters being half as strong as that of the CC parameters.

The NC parameters predict a mean event rate 17% higher than the value pre-
dicted by the CC parameters, this change is of similar magnitude to the error on this
measurement however.

The major impact of the separation into NC and CC parameter is therefore a
change in the cross-section as a function of Q?, with cross-section for high Q> NC17
events increased relative to the current T2K result and low Q? events reduced. As
higher Q? events tend to be reconstructed with higher neutrino energy, this has the
effect of increasing the expected background in the region around the flux peak,
and decreasing the backgrounds expected at low reconstructed energy. However
the impact of this will be smaller than a change that directly affects the total NC17
cross-section.

In order to investigate the contributions of ND280 and SK data to this NC1
cross-section constraint, two additional fits were run. Firstly, an ND280 only fit with
the new NC17 cross-section parameters, then a joint ND280 and SK fit, in which
the ND280 NC17 cross-section was linked to the CC17t cross-section. The constraint
provided on NC C4 and NC Mg, for these can be seen in Fig 6.42.

Both the ND280 and SK only constraints have overlap in the 68% contour, show-
ing compatibility in extracted cross-section from the different datasets. The SK con-
tour shows a stronger constraint on total NC17t cross-section than the ND280 con-
straint. The ND280 result however has a stronger constraint on Q? shape than SK.
The observed preference for higher NC M4, in the combined fit therefore derives
primarily from the ND280 data.

While the recovered NC MZ... value (1.3640.15) GeV is significantly higher than
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the (0.88+0.05) GeV value for CC Mées , as was seen in Fig 6.42, care must be taken
in interpretation of this difference. The ND280 constraint on Q? shape is reliant on
the use of background NC17t data from ND280 CC samples. This has the potential
to be subject to over-fitting, the significant cross-section freedom given to NC17
events may allow these to be used to recreate behaviour seen in ND280 data that the
standard T2K model lacks the freedom to fully reproduce.

The slight preference for an increase in NC17 event rate, relative to that predicted
by the CC parameters, as in Table 6.9 is a real effect and supported by the NC7°
sample data. The preference for higher M4.. values may however be an artefact of
the fit and should be corroborated by an NC7” binning with more Q? sensitivity,

before concluding that such an effect is a true property of NC17 interactions.
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FIGURE 6.42: The recovered credible regions for the NC C4 and NC M%.. pa-

rameters for: a fit to ND280 data only, a fit with only SK constraining NC17 cross-

section, and a combined fit with constraint from both detectors. The SK fit gives a

tight constraint on total event rate, but with a weak Q? sensitivity, while the ND280

fit provides some Q2 constraint but little for the total event rate. The combined fit
inherits the desirable characteristics of both.
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The addition of the NC7t” sample has an additional impact on the NC other pa-
rameters, as seen in Fig 6.40, the cross-section for NC other events at ND280 is re-
duced from 1.79 times the pre-fit value to 1.69. This indicates that some of the high
extracted cross-section for NC other events at ND280 is a result of imitating the high
Q? impact of NC17 events. NC other far is increased to 1.15 times its pre-fit value,
bringing this closer to the ND280 rate, though still not in agreement.

The SK detector systematics largest change is in NC parameters. As can be seen
in Fig 6.43, relative to the current T2K result, there is a 10% reduction in NC contri-
bution in the 1Ry samples. The NC parameters in the 1Re samples show a similar
change but with an energy dependence in their behaviour, with higher reconstructed

energy events being more significantly impacted.
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FIGURE 6.43: The recovered credible intervals for the SK detector systematic pa-

rameters. Comparing a fit to T2K data with and without the inclusion of NC7°

samples and NC17r cross-section parameters. Most parameters are unchanged

however the NC parameters are decreased, with the 1Ry NC parameters decreased
by 10%.

The effect on the recovered oscillation parameters is small, as can be seen in

Fig 6.44. There is a small broadening in Am3,, similar in magnitude to the effect
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FIGURE 6.44: The recovered two dimensional posterior credible intervals for the

four oscillation parameters with which T2K has sensitivity. Shown for two fits, the

current T2K result (blue) and the result with the addition of the NC7” samples and

the new NC17 cross-section parameters, both before the imposition of the reactor

sin? 613 constraint.There is a slight broadening in sin® 613 and Am3, as was seen in
the simulated data study, however this effect is small.
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observed in the fake-data study of Fig 6.36 however the change in other parameters

is minimal.

6.4.3 Data Fit Conclusion

The addition of an SK NC7” sample into the T2K oscillation analysis can provide
a direct constraint on NC17t cross-section, one of the most significant backgrounds
in the SK physics sensitive samples. One potential method of including this sample
and an associated NC17t cross-section parameterisation has been shown. Such an
addition results in a number of fit parameters shifting compared to the current T2K
analysis. Such shifts are contained within the 1¢ postfit uncertainty, however the
effect of such shifts on the predicted event spectra can still be significant at low
reconstructed energy. For some parameters, such as NC other and 2p-2h the shifts

are comparable to the error budget for these processes allowable in HK [102].

6.5 Outlook

A data-driven measurement of the NC17t background using the same detector as
the physics sensitive samples offers the potential for a reduction in bias for several
parameters in the fit, notably flux, 2p-2h and SK detector systematics. While the
direct effect on oscillation sensitivity from this sample is minimal, it does offer the
potential to alter other aspects of the analysis and increase oscillation sensitivity.

One such area is the e — ¥ cut applied in the selection of SK 1Re samples. This
cut primarily removes NC7t” events, however approximately 6% of the signal CC v,
events are also removed by this cut [89]. It would therefore be possible to increase
the number of selected signal CC v, events by up to 6% by including data outside of
this e — 71° cut.

Such a sideband sample would have an increased NC7® background relative
to the main 1Re samples. The increased confidence in the estimation of the NC7”
background contribution in these sidebands could allow these previously unused
events to contribute to the sensitivity of the statistics limited v,/ 7, appearance, this

channel having the greatest sensitivity to CP violation in T2K.
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At present, much of the impact of the simulated data studies is absorbed by the
large SK detector systematic uncertainties on NC17t contributions to the one-ring
samples, muting the impact on oscillation parameters. As SK continues to collect
data, improvement to detector systematic evaluation will reduce this prefit error,
the fit will therefore face a higher likelihood penalty for the detector systematic shifts
required to recreate the observed spectra at SK.

A number of improvements to the NC17 treatment described here are possi-
ble. A more theoretically motivated model of the difference between CC and NC
pion interactions is desirable. Rather than making use of the weak form factor to
provide normalisation and Q? freedom, other differences in the properties of NC17t
and CC1r interactions may be of interest, such as the distribution of the invariant
hadronic mass W.

An improved sample, based on the multi-ring fiTQun reconstruction with PID
cuts, and a new binning in more kinematically sensitive variables would be of ben-
efit. One such choice of variables would be reconstructed 77° momentum and angle
relative to the incident neutrino beam. Due to the lack of other observable outgoing
particles from NC 710 events, these two variables provide the full kinematic informa-
tion that can be reconstructed in SK. Such a sample may be useful in cross-checking
the predictions of the pion production model, which has been extensively used with
samples binned in reconstructed lepton kinematics at T2K but less frequently in bin-
nings sensitive to pion kinematics.

In the future this sample may prove useful at HK, unlike T2K’s statistics limited
sensitivity to CP violation, HK will be limited by its systematic uncertainties. The
impact of uncertainty on the NC17t background to this measurement will therefore
be greater than that seen for the studies with T2K data.

Further in the future, with either an expanded near-detector suite, or with ex-
ternal constraint on NC7t? cross-section, the NC7” sample has sensitivity to sterile
neutrino oscillation. As all non-sterile neutrino flavours contribute to NC17 event
rate, any reduction in SK NC7” sample event rate beyond that predicted by the flux
and cross-section model is indicative of oscillation of v, to sterile. Due to the energy
and baseline of T2K, such a measurement would be most sensitive to low square

mass difference sterile neutrinos (Am3; ~ 5x107> eV?), this area is not currently
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well covered by other experiments [118].

One additional use may be for detector cross-calibration. With an additional
water cherenkov detector in the near-detector suite, as proposed by HK, a sample of
NC7t? events may be constructed at this detector. Such a sample would derive from
the same flux as seen in the far detector, with similar reconstruction and detector
thresholds. The properties of these events such as reconstructed 77° mass may then

allow for direct comparison of the reconstruction performance of the two detectors.
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Chapter 7

Charged-current v, and 7,

cross-section measurement at the

IWCD

The IWCD fit is a semi-frequentist, binned near-detector fit, used to investigate the
potential physics sensitivity of the IWCD. This fit yields constraints on incident neu-
trino flux and parameters of a neutrino cross-section model that can then be used
as an input for the far-detector. The results from this are used to refine the anal-
ysis technique and identify the impact of different systematic uncertainties on the
available physics constraints. In addition, these results can be used to investigate
the effect of modifications to the INCD detector design and configuration on the

physics sensitivity.

7.1 Motivation

One of the major physics goals of Hyper-Kamiokande is the detection, and subse-
quent precision measurement of neutrino CP violation [66]. Results from T2K [97]
already show a 2¢ tension with the no CP violation hypothesis. However obtaining
the necessary statistics for a 5 discovery is infeasible at T2K given the small size of
SK, it is therefore necessary to construct a new detector, HK.

In addition to the increase of statistics required for a 5¢ discovery, systematic

uncertainties will play an important role in HK’s sensitivity to this effect. The ability
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for HK to exclude CP conservation as a function of the true value of dcp is shown in
Fig 7.1.

HK 10 years (2.70E22 POT 1:3 viV)
F T T [ T T T [ T T T T 1 T

16 I —————  Statistics only
P Improved syst. (v./V, xsec. error 2.7%)

| T2K 2018 syst. (v./V, xsec. error 4.9%) -]
12F -
101

sin(8.p) = 0 exclusion (W)

S N B~ O

Hyper-K preliminary
True normal ordering (known)
sin®(@,,) = 0.0218 sin*(®,,) = 0.528 |Am3,| = 2.509E-3

FIGURE 7.1: The ability of HK to exclude CP conservation as a function of the true
value of écp. There is a significant dependence on the assumed electron neutrino
to antineutrino cross-section uncertainty.

In studies of HK sensitivity it has been found that the uncertainty on the v, and 7,
interaction cross-section is the leading source of systematic uncertainty limiting the
CP violation sensitivity [66]. The current uncertainty is theoretically motivated and
driven by the differences in contribution from radiative corrections to the outgoing
charged lepton for muons and electrons [119]. If the IWCD is able to reduce this

uncertainty, a corresponding improvement in CP sensitivity of HK is possible.

7.2 Detector Properties

The current IWCD design, ‘the 750m design’ features an 8m diameter, 6m tall inner
detector placed 750m downstream of the target and instrumented with mPMTs, as
described in §3.4. This is an evolution of a previous design ‘the 990m design” that
made use of a 7.4m diameter, 10.4m tall ID, similarly instrumented with mPMTs and
located 990m from the target. An existing MC production for this latter design exists,
and due to the time required to regenerate this for the 750m design, it was decided
to make use of this existing MC with some modifications to account for the expected

differences.
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7.2.1 MC Properties

The MC used was generated for a detector situated within a 52.5m deep shaft and
covering off-axis angles ranging from 1 to 4°. The ID volume is 10.4m tall with a
diameter of 7.4m, enclosing 450m® of water. To reduce the time taken to generate
the MC, no events are generated for the OD volume. It is assumed that these events
would be efficiently removed either by the OD veto or by fiducial volume cuts in the
ID.

The MC uses the T2K 2016 flux model with a 320kA magnetic focusing horn cur-
rent. A total exposure corresponding to 3.24 x 10! (4.165 x 10?!) protons on target in
FHC (RHC) mode has been generated. This exposure is evenly split between seven
off-axis detector positions, resulting in approximately 0.462 x 10?! (0.595 x 102!) POT
of data for each position in FHC (RHC) mode. HK will collect approximately three
times the POT exposure in RHC as in FHC, this is to allow for approximately equal
number of v, and 7, events to be observed in the far detector.

NEUT 5.3.6 [39] is used for event generation, including 2p-2h events and the
Berger-Sehgal charged-current coherent pion production model. The GEANT4 [120]
based application WCSim [121] is used for propagation of the resulting interaction
products within the detector volume, and for PMT response to the cherenkov light
produced. For reconstruction of events, fiTQun [64] is employed, as currently in use

at SK.

7.2.2 750m Design

In order to apply the MC generated for the 990m detector design described above to
the new 750m design there are two major adjustments required; a correction for the
incident flux and secondly for the different fiducial volumes. The flux is increased
at all positions by the inverse square relationship:

990

2
Flux(750m) = <750> X Flux(990m). (7.1)

Due to the line source nature of the pion and kaon decay pipe, the energy de-
pendence of the flux at 750m will be slightly different to that at 90m. The binned

tit approach adopted here has quite coarse bins in off-axis angle, no smaller than
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0.5°, hence it is not expected that this difference will have a large impact on the sen-
sitivities discussed here. Therefore it is sufficient to use this MC with a prior flux
constraint, and the associated correlations from the 750m position.

The detector volume in this design is lower than in the MC being used, this
results in a reduction in selected event rate. To account for this, events can be re-
weighted by the ratio of fiducial volumes in the two designs. Each sample used
in the fit has different fiducial volume cuts, thus each selection must be weighted

separately.

7.3 1Re Cut Selection

As the electron neutrino flux is a small component of the total neutrino flux, Fig 2.8,
electron neutrino interaction events make up only 1.5% of all interaction events in
the detector. In order to make precise measurements of the electron neutrino inter-
action cross-section it is necessary to select a sample of events enriched in electron
neutrino interactions.

The fiTQun reconstruction of events considers many interaction hypotheses and
evaluates the best-fit likelihood of each hypothesis matching the observed detector
response. These hypotheses include electron, muon and ¥ interaction events. The
relative likelihoods of these hypotheses can be used to identify the desired events.
Kinematic variables can also be used to separate signal events from backgrounds.

0 mass. As discussed in

These include reconstructed lepton momentum as well as 7
Chapter 6, NCrt” events are a significant background for 1Re selections due to the
potential for the ¥ decay photons to overlap or have a ring missed in the recon-
struction.

A further significant background for electron neutrino cross-section measure-
ments is the effect of entering gamma events. These are produced by neutrino in-
teractions upstream of the ID volume such as NC7t” events, these yield high-energy
photons. Such photons may penetrate into the ID region and then pair produce, re-
sulting in an electron like response in the detector with no OD light. These events

have the potential to be a major source of systematic uncertainty for the v, cross-

section measurement at low energy.
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FIGURE 7.2: The total v, flux measured by INCD over the full 1-4° off-axis range

and that present at HK. The highlighted regions show 68% of the incident flux sym-

metrically about the mean. The IWCD Flux has a significantly broader distribution

than the oscillated HK spectrum. Both fluxes are normalised to a total integral

of one with oscillation parameters sin® 6,3 = 0.51, Am3, = 251 x 1072 eV? and

scp = 0.

In order to include the effect of these events, a separate MC production for inter-
action events in the OD and surrounding soil is made. Events with particles deposit-
ing more than 50MeV of energy in the OD region are excluded, it being assumed to
have been removed by an OD activity cut, the resulting entering photons are in-
cluded in the analysis selections. These photons are well attenuated by the water
in the ID, hence, with an appropriate fiducial volume cut, these can be efficiently
removed from the 1Re selections.

Consideration must also be given to the goal of the INCD measurement when
making such a 1Re selection. The oscillated v, appearance flux at HK has a quite
different energy distribution to the intrinsic v, flux present at the IWCD, as can be
seen in Fig 7.2. The goal of the IWCD v, cross-section measurement is to constrain
the event rate in the HK 1Re sample. Due to the energy range of the oscillated HK v,
flux and the one-ring requirement, this sample is dominated by v, CCO7 events.

The goal of the IWCD measurement should therefore be focused at v, CCOm
events in the energy range of interest to HK. The choice of signal definition is there-
fore a v, charged current event with no final state pions above the detection thresh-

old (CCOrr) and with a true vertex position greater than 75cm from the nearest wall,

motivated by the known range of entering -s.
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Using this signal definition alone for cut tuning purposes risks optimising to-
wards a selection with high efficiency in the high energy tail of the IWCD v, flux of
Fig 7.2. This would therefore constrain the v, interaction cross-section in a kinematic

regime unrepresentative of the HK sample. The figure of-merit adopted therefore is:

S(E, < 1GeV)
VS+B

Where S(E, < 1GeV) is the number of selected signal (CCO7 v,) events with

FOM = (7.2)

true neutrino energy below 1GeV and B is the total number of backgrounds in the
sample of any energy. This ensures the selection optimises the statistical power of
the sample in the sub-GeV region of relevance for HK.

As discussed in §3.4, at larger off-axis angles, the neutrino beam has a greater
fraction of electron flavour. This region therefore has an increased signal to back-
ground ratio and a corresponding increase in sensitivity to changes in cross-section.

The region from 2.7-4.0° alone was therefore used for cut tuning.

The following cuts on reconstructed fiTQun properties are applied sequentially:

—_

. The event is fully contained within the ID volume

2. The event has visible energy greater than 100MeV

3. The event has no reconstructed decay electrons

4. A 1Re fit hypothesis is preferred over a 1Ry hypothesis

5. A 1Re fit hypothesis is preferred over a 71° hypothesis as a function of recon-

structed 77° mass
6. The event is reconstructed within the fiducial volume
7. A one-ring hypothesis is preferred over a two-ring hypothesis

8. A 1Re fit hypothesis is preferred over a 7 hypothesis as a function of recon-

structed electron momentum

Cuts 4—8 have their cut points chosen in an iterative process in order to max-

imise the final sample figure-of-merit eqn 7.2.
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1. Fully Contained

Due to the small size of the IWCD, a large fraction of events with muons are likely to
escape the ID volume. The IWCD simulation does not include an OD region nor an
OD veto. Therefore a cut is placed on muons with sufficient true energy to escape the
ID volume, along their outgoing direction from the interaction point. This is in place
of an effective simulation of the OD response to such muons. No such requirement

is placed on any other particles.

2. Visible Energy

Due to the low flux and neutrino interaction cross-section at energies below 100MeV
it is not expected that there will be a significant number of v, CCO7r events with
visible energy below 100MeV. Such events are likely to be a result of non-beam
backgrounds. Additionally, this is not a region of interest for the HK v, appear-
ance measurement. In practice this visible energy cut is applied to the reconstructed

momentum of the 1Re hypothesis.

3. Decay Electron Tag

Signal v, CCO7t events have no final state muons nor pions and hence should not
have any associated decay electrons. A cut is therefore placed on the fiTQun decay

electron tag.

4. Electron-Muon Likelihood

Due to the dominance of v, flux in the HK beam, the large contribution of v, CC
events must be removed. This is performed making use of the fiTQun 1Ry and 1Re
fit hypotheses.

The e — y cut acts on the log of the ratio of the electron hypothesis likelihood to
the likelihood of the muon hypothesis. In order to improve the cut selection, the
placement of this cut is dependant on the reconstructed lepton momentum, assum-
ing an electron hypothesis. Fig 7.3 (top) shows the distribution of signal v, CCOm
present in the sample in this e — p likelihood — reconstructed lepton momentum

space. Fig 7.3 (bottom) shows the distribution of background v, CC events that this
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cut is designed to remove. The line indicates the boundary of the region removed
by this cut.

At high momentum there is clear separation between signal and background
events, however at low momentum the separation becomes less clear. Due to the
large difference in rate of v, CC events to v, CCOmr events the cut used must be

placed in quite an electron-like region at low energy.
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FIGURE 7.3: The distribution of events in reconstructed electron-muon likelihood

ratio vs reconstructed lepton momentum. CCO7 v, signal events (top) are broadly

distributed with increasing electron-like reconstruction accuracy at high recon-

structed lepton momentum. Background events (bottom) have significant overlap

with signal events at low reconstructed lepton momentum. The red line denotes
the boundary of the cut used, events below this line are removed.
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5. Electron-7t° Likelihood

Neutral current ¥ events are a major source of background in the electron-like sam-
ple. Many of these can be removed through the use of the 7° reconstruction pro-
vided by fiTQun. The likelihood ratio of the 71° hypothesis to the electron hypothesis
can be used in conjunction with the reconstructed kinematics of the event.

0 _ electron

Fig 7.4 (top) shows the distribution of true v, CCOm events in 7t
likelihood ratio vs reconstructed 71° mass space. The signal population is well con-
centrated around low reconstructed 7° mass and low 71° — electron likelihood ratio.
True NC7¥ backgrounds are shown in the same space in Fig 7.4 (bottom), a large
number of events are concentrated around the 7° mass of 135MeV as a result of
on-shell NC7” production. There is a significant population of background events
at low reconstructed 7 mass overlapping with the signal population. These are
events with co-linear 77° decay photons, or events in which one of the photon rings
is not detected.

0

A cut on 71° mass and 71° — electron likelihood can be used to significantly reduce

the NC7t? background contribution to the sample.

6. Fiducial Volume

Due to the granular nature of the photosensors, events occurring close to the detector
wall with outgoing charged particles above Cherenkov threshold, directed towards
the ID wall, will only be detected in a small number of PMTs. The reconstruction ac-
curacy of these events will therefore be adversely affected. Further, entering gamma
backgrounds produce a similar detector response to electron neutrino interactions,
these can only be effectively eliminated through the use of a fiducial volume cut. The
distribution of reconstructed vertex position in the ID relative to the detector wall for
these entering gamma events can be seen in Fig 7.5. This shows an exponential be-
haviour with distance from the ID wall, hence the fiducial volume is limited by the
acceptable number of entering gamma events in the 1Re samples.

To reduce the effect of these factors on the resulting sample, a cut on recon-
structed vertex distance from the wall of 100cm is used, as seen in Fig 7.6. This en-

sures that the entering gammas are attenuated to a low enough level to not severely
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FIGURE 7.4: The distribution of signal (top) and background NC7t” events (bottom)

in reconstructed 7t — 1 ring electron likelihood ratio plotted against reconstructed

7¥ mass, assuming the 71° hypothesis. There is a large, broad resonance in the back-

ground sample at reconstructed masses around the 7¥ mass, this can be removed
effectively with a simple cut.
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FIGURE 7.5: Entering <y events as a function of reconstructed distance to the ID
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affect the resulting fit and also ensures that selected events occur far enough away
from the wall to be reconstructed well. With this fiducial volume cut the total ac-
tive volume of the inner detector is 113m3 corresponding to 38% of the total inner

detector volume of the 750m design.
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FIGURE 7.6: The breakdown of events with reconstructed distance to the ID wall.
The in FV is defined as a true vertex greater than 75cm from the ID wall. Entering
7 events are not shown.

7. Number of Rings

As the desired CCO7r signal has only a single outgoing above Cherenkov thresh-
old charged particle, the resulting event should be reconstructed as a single ring
event. Background pion production events are likely to produce two or more non-
overlapping Cherenkov rings.

In order to separate these events, the fiTQun multi-ring fits can be used. Taking
the likelihood ratio of the most likely two-ring fit to the 1Re fit gives a measure of
the preference for multiple rings in the reconstruction. As the likelihood of multiple
rings being fit is expected to increase with visible energy in the detector, this cut is
performed as a function of 1Re reconstructed electron momentum.

The distribution of signal and background events in this likelihood ratio space
can be seen in Fig 7.7. The signal CC0O7t events (top) are distributed over a wide range
of reconstructed electron momenta but at low likelihood ratio. This is in contrast to
the background events (bottom) which are prominent at low reconstructed lepton

momentum and distributed broadly in the likelihood ratio.
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Fig 7.7 (top) shows the distribution of signal events in the rings likelihood — 1

ring electron hypothesis reconstructed momentum space.
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FIGURE 7.7: The distribution of events using the likelihood ratio of the most likely

two ring fit to a one ring electron fit. These are plotted against the reconstructed

electron momentum in the one ring fit. Signal events (top) are distributed over

a wide range of reconstructed momenta and at low likelihood ratio. Background

events (bottom) are composed primarily of NC events. The cut used is shown by
the red line, events above this line are discarded.

8. Electron-71° Likelihood with Momentum

A significant NC7t? background is present at low reconstructed lepton momentum.
Many of these backgrounds can be removed through the use of a cut acting on 1% —
electron likelihood ratio and reconstructed electron momentum.

Fig 7.8 shows the signal (top) and background (bottom) distribution of MC events

in this space. Separation between signal and background is strongest at low mo-

mentum, here it is more likely that the interaction 710 has very low momentum,
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hence its two decay photons will have larger angular separation and thus two non-

overlapping rings will be seen in the detector.
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FIGURE 7.8: There is a small separation between signal events (top) and all back-

ground events (bottom) at low reconstructed electron momentum, the background

distribution stretches to regions with higher reconstructed 7° — 1 ring electron

likelihood ratio, hence a cut can be applied here, reducing NC7t? contribution to
the sample at low reconstructed energies.

7.4 Analysis Samples

741 v, CCOrr Sample

The application of these cuts greatly reduces the background contamination of the
sample. The predicted number of events broken down by interaction mode and
off-axis angle is summarised in Table 7.1.

The breakdown of the sample by interaction type and neutrino flavour as a func-

tion of reconstructed neutrino energy for the 2.7-4.0° positions is shown in Fig 7.9.
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FHC RHC
Off-Axis Angle 1-2.7° 2.7-4° 1-2.7° 2.7-4°
ve(7.) CCQE 6108 6364 | (10890) (6374)
Ve(7e) 2p2h 1268 1065 (2009) (1072)
ve(7,) CClm 1573 1410 (2 807) (1413)
Ve(7.) CC Multi 7 137 129 (213) (35)
V(7,) CC Other 28 33 (35) (19)
vu(7,) CC 435 144 (152) (72)
7y (vy) CC 2 4 (434) (104)
Ve (Ve) 635 816 (7 298) (6372)
NC17vy 590 209 1387 344
NC1 5035 1790 12 456 3327
NC Other 2 661 1159 5437 1824
Total v.(v,) CC 9114 9001 | (15954) (8913)
Total Backgrounds 9358 4122 27 164 11 932
Total 18472 13123 43118 20 845
Ve(7,) CC Purity 49.3% 68.6% | (37.0%) (42.8%)
Ve + 7, CC Purity 52.8% 74.8% 53.9% 73.3%

TABLE 7.1: The number of events in the electron-like selection broken down by
incident neutrino and interaction mode after applying weighting to the new de-
tector design and an off-axis angle dependant pileup induced efficiency Fig 7.14.
The exposure in FHC is 7 x 10! POT and 20 x 102! POT in RHC. The more on-axis
positions have significantly increased neutral current background than the off-axis
regions as a result of the decreased v, /v (7./7,) ratio in the incident flux at the
on-axis positions.
The selection is dominated by CCO7 v, events, at low reconstructed energies the
backgrounds are dominated by neutral current interactions, primarily NC7? events.

NC 1 events reconstruct with energies between 200 and 500MeV. In the fit, these
events have a 100% prior uncertainty on their cross-section and are thus a major
source of electron neutrino event rate uncertainty in this energy region.

Applying these same electron-like cuts to RHC MC yields the event selections
shown in Fig 7.10 (right). Here the breakdown is shown integrated over all off-axis
angles and includes the reduction in efficiency associated with pileup as described in
§7.5.2. The more on-axis regions have higher event rates due to the greater neutrino
flux, additionally these regions also have higher NC background event rate due to
the greater v, flux at high energy closer to the beam axis.

As a result of the reduced interaction cross-section for antineutrinos compared to

neutrinos, the contribution of v, in the RHC 1Re sample (wrong-sign component) is

considerably larger than the corresponding 7, contribution in the FHC 1Re sample.
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FIGURE 7.9: The breakdown of selected events as a function of reconstructed neu-

trino energy (assuming a CCQE interaction) for the most off-axis detector positions

2.7-4.0° with an exposure of 3 x 10?! POT. There is a significant population of NC

events at low reconstructed neutrino energy, with NC v events in particular clus-
tered at energies around 300MeV.
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FIGURE 7.10: The breakdown of selected electron-like events by true neutrino and

interaction mode. The FHC sample (left) has an exposure of 7 x 102! POT and the

RHC sample (right) has 20 x 10%! POT. There is significant wrong-sign v, contami-
nation in the RHC sample not seen in the FHC sample.

7.4.2 NC Control Sample

In order to constrain the considerable NC background in the selected v, sample, a
separate measurement of this NC contribution is desirable. INCD makes use of a
neutral current control sample in order to constrain both the incident flux as well as
the cross-section parameters for NC interactions.

The selection of these events is simpler than the 1Re selection, due to the larger

contribution of NC interactions to the total event rate. The following cuts are used:

1. The event is fully contained within the ID volume

2. The event has no reconstructed decay electrons
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FHC RHC
Off-Axis Angle 1-2° 2-3° 3-4° 1-2° 2-3° 3-4°
NC1vy 23 23 16 71 34 16
NC 1 7" 30452 | 28063 | 14085 | 79624 | 47207 | 23449
NC Other 19267 | 15579 9136 | 42755 | 23757 | 13130
v (7,) CC 5104 3803 1699 | (2039) (862) (313)
7y (vy) CC 19 31 14| (2669) | (2171) | (1307)
ve(7.) CC 2401 3388 2681 | (5102) | (4288) | (2843)
e (ve) CC 293 508 489 | (3929) | (4204) | (3173)
Total NC 49742 | 43665 | 23237 | 122450 | 70998 | 36595
Total Backgrounds 7817 7730 4883 | 13739 | 11525 7 600
Total 57560 | 51395 | 28120 | 136189 | 82523 | 44195
NC Purity 86.4% | 85.0% | 82.6% | 90.0% | 86.0% | 82.8%

TABLE 7.2: The number of events in the NC selection broken down by incident

neutrino and interaction mode after applying an off-axis dependant pileup induced

efficiency. The exposure in FHC is 7 x 102! POT and 20 x 10*! POT in RHC. Due to

the reduced pileup in RHC Fig 7.14. there are significantly more selected events in
RHC operation at low off-axis angles compared to the FHC event rates.

3. The event is reconstructed in the fiducial volume
4. The 1Re hypothesis is preferred over a 1Ry hypothesis
5. A two-ring hypothesis is preferred over a one-ring hypothesis

6. A 71 fit hypothesis is preferred over a 1Re hypothesis as a function of recon-

structed 77° mass

The breakdown of the resulting selection by interaction mode is shown in Table
7.2 and Fig 7.11 (top). For comparison, the distribution of background events in the
v, CC sample can be seen in Fig 7.11 (bottom). The NC sample shows a prominent
peak in NC7t? events at incident neutrino energies of around 700MeV, this peak is
shifted to slightly higher values for the background contribution to the v, sample
and has relatively a longer high energy tail.

The NC sample lacks the significant NC < contribution seen in the backgrounds
of the v, CC sample, hence, this background does not get significantly constrained

by the NC control sample.

7.4.3 v, CC Control Sample

To constrain the incident flux and to get a precise measurement of both v, and 7,

cross-sections necessary for a precise o (v,)/c(v;,) cross-section ratio measurement,
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FIGURE 7.11: The NC control sample used in the fitter to constrain cross-section pa-

rameters (top). The background contribution to the v, CC sample (bottom) shows

the energy distribution and interaction mode of all non-v, or 7. CC events that

passed the electron-like selection criteria. The shape of the two distributions match

closely. NC v does not contribute significantly to the NC control sample but is a
significant background to the electron-like sample.
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FHC RHC
Off-Axis Angle 1-2° 2-3° 3-4° 1-2° 2-3° 3-4°
v,(7,) CCQE | 216679 | 381472 | 274443 | (351 168) | (384 253) | (254 718)
vyu(7,) 2p2h 42993 | 51712 | 26867 | (76511) | (58123) | (27 156)
vy (7,) CClrt 55813 | 49265 | 15786 | (80033) | (46934) | (15049)
vu(7,) CCMulti 7 | 2555 915 446 | (3432) (752) (197)
v, (7,) CC Other 597 472 285 (410) (126) (57)
7, (v,) CC 2794 | 5120 | 5110 | (73449) | (77984) | (62570)
ve(7,) CC 281 439 416 (350) (336) (249)
7,(ve) CC 10 19 14 (232) (206) (214)
NC 17 27 30 9 70 26 5
NC 1 =° 2697 | 2112| 1046 6387 3295 1701
NC Other 15828 | 11246 | 6042 | 35656 | 17022 8876
Total v, (7,) CC | 318637 | 483836 | 317827 | (511 554) | (442 376) | (297 177)
Total Backgrounds | 21637 | 18966 | 12637 | 116144 | 98869 | 73615
Total 340274 | 502802 | 330464 | 627688 | 541245 | 370792
v, (7,) CCPurity | 93.6% | 962% | 962% | (81.5%) | (81.8%) | (80.1%)
v, + 7, CCPurity | 945% | 972% | 97.7% | 932% | 96.1% | 97.0%

TABLE 7.3: The number of events in the muon selection broken down by incident
neutrino and interaction mode after applying an off-axis dependant pileup induced
efficiency. The exposure in FHC is 7 x 102! POT and 20 x 102! POT in RHC. Due
to the reduced pileup in RHC Fig 7.14 there are significantly more selected events
in RHC operation at low off-axis angles compared to the FHC event rates. Due to
the increased CC cross-section of neutrinos on nuclei over antineutrinos there is

significant wrong sign v, contamination in the RHC sample.

two muon-like control samples are used. These events are selected using a simple

series of cuts:

1. The event is fully contained within the ID volume

2. The event has fewer than two decay electrons

3. The event is reconstructed in the fiducial volume

4. The event has reconstructed muon momentum of greater than 200MeV /c

5. The 1Ry hypothesis is preferred over a 1Re hypothesis

6. A one-ring hypothesis is preferred over a two-ring hypothesis

Due to the high muon flavour purity of the beam at the near detector site, a high

purity of muon-like events is achievable, Table 7.3 shows the breakdown of these

selected events with off-axis angle. The RHC sample has a significant wrong-sign

muon background caused by the high v /7 cross-section ratio.
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The breakdown as a function of reconstructed neutrino energy is shown in Fig
7.12. The purity of selected events is decreased at low reconstructed neutrino energy
due to the significant NC event population in this region caused by low momentum-
transfer events.
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FIGURE 7.12: The one ring muon-like control samples in FHC (top) and RHC (bot-
tom) as a function of reconstructed neutrino energy. The exposure is 7x10?! POT
in FHC and 20x10%! POT in RHC.

7.5 Cross-Section Fitting

In order to extract the sensitivity of the IWCD to v, and 7, cross-section, a fit to these
1Re samples must be made. Such a fit must however consider nuisance parameters
that can affect these samples and are not known precisely before the fit. The IWCD

fit therefore makes use of an approach similar to that described in Chapter 6.
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Each of these six samples are binned in reconstructed variables, a parameterised
model of the systematic uncertainties in the experiment is then used to weight MC,
this is then binned and compared to the original samples with a bin-by-bin negative
log-likelihood measure. This is then augmented with a prior constraint on the pa-
rameters of this model. Unlike the MCMC approach used in MaCh3 however this
likelihood is then minimised and a covariance matrix constructed about this mini-
mum.

The v, and 7, cross-section component of the resulting covariance matrix may

then be used as an estimate of the sensitivity of the IWCD to these effects.

7.5.1 Binning

The 1Ry samples are binned in reconstructed lepton momentum, reconstructed lep-
ton angle to the incident beam and reconstructed off-axis angle. The NC7t? samples
are binned in reconstructed pion momentum, reconstructed 7° invariant mass and
reconstructed off-axis angle.

Due to the low event rate, the electron samples are binned in reconstructed neu-
trino energy and reconstructed off-axis angle only. The distribution of events in the
1Re samples in the binning used in the fit can be seen in Fig 7.13. Six off-axis bins
are used for both the 1Ry and NC7t” samples while the 1Re sample uses two.

FHC 1Re RHC 1Re

Off-Axis Angle ()
w
o
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Reconstructedv Energy (MeV)

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 °
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FIGURE 7.13: The one ring electron-like samples in FHC (left) and RHC (right) in
the binning used in the fit. The exposure is 7x10?! POT in FHC and 20x10?! POT
in RHC.

7.5.2 Systematic Model

Due to the similarities between the two experiments, the systematic model used for

the IWCD fit is derived from the model used by T2K.
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Flux

As with the flux systematics used in MaCh3, the IWCD fit makes use of a series
of normalisation parameters controlling a specific neutrino flavour in a given horn
mode and in a given true energy range. Due to the variable fluxes observed at the
different off-axis positions of the IWCD, an additional freedom is required to vary
the flux in the different off-axis regions.

The IWCD flux model therefore consists of a series of normalisation parameters,
each controlling a single neutrino flavour in a single horn current mode in a specific
energy range and range of off-axis angles. This includes five off-axis regions 1-1.86°,
1.86-2.71°,2.71-3.14°, 3.14-3.57° and 3.57-4°.

A prior uncertainty on these parameters is then included, this is based on the T2K
flux model, including the improvements in flux uncertainty from the NA61/SHINE
replica target data [44][45], bringing the v}, flux uncertainty at the 600MeV flux peak

to 5%.

Cross-Section

The HK cross-section model is heavily derived from the 2018 T2K model [90], as de-
scribed in Appendix A. Parameters specific to ND280 have been disabled, as has the
nucleon binding energy uncertainty. The application of these parameters is the same
as that described in §5.5.2. The 2018 T2K prior constraint on these parameters is also
included. In addition, a parameter is included to control the overall normalisation

of entering gamma events from interactions in the OD and surrounding sand.

Pileup

Due to the large neutrino flux and large detector mass, many beam bunches will
have two or more corresponding interaction events in the ID or OD. Simultaneously
reconstructing two interaction events in a water Chererenkov detector is extremely
challenging. It may be possible to use positional information to separate indepen-
dent ID and OD events. However, as this has not yet been demonstrated, this anal-
ysis will focus on what can be measured using only bunches with a single event in

the ID and OD.
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FIGURE 7.14: The proportion of events that occur within the detector and are not
coincident with any other ID or OD light as a function of the off-axis position of the
detector at the 750m position. At low off-axis angles the high incident flux results
in only a small proportion of beam bunches having a single interaction, thus the
efficiency for selecting events here is low. At large off-axis angles most bunches
have no associated ID or OD events therefore a large proportion of all events that
do occur are not co-incident with other events. Due to the lower cross-section of
antineutrinos, the effect of pileup is reduced in RHC operation.

The probability of multiple interaction events occurring in a single beam bunch
is heavily dependant on detector position; at low off-axis angles the increased neu-
trino flux results in a greater proportion of bunches with multiple interaction events.
Conversely, at high off-axis angles the reduced neutrino flux and therefore event
rate, reduces the proportion of bunches with multiple events. Fig 7.14 shows the
probability for any given event to have occurred as part of a single event bunch, as
a function of detector off-axis angle.

Due to the lower antineutrino cross-section, the number of events in IWCD per
beam bunch is lower in RHC operation than in FHC. The probability of multiple
interactions is therefore reduced, reducing the pileup induced efficiency loss.

All MC events were weighted down by their corresponding factor to give the
expected event rate of true single interaction events. As the intrinsic v, flux propor-
tion is greatest at high off-axis angles, the v, cross-section measurement is not too
adversely affected by this.

The pileup efficiency for each detector position will be measured, however, some
uncertainty will remain. This can be accounted for in the fitter by including a pa-

rameter to control overall event rate at each detector position. This parameter is
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weighted by 1— nominal pileup efficiency. This is to account for the increased un-
certainty in overall event rate at more on-axis positions which has a non-linear rela-
tionship with pileup. Depending on the prior given, the parameters therefore have

freedom to vary the number of events at each detector position independently.

Energy Scale

There are two detector parameters controlling energy scale in electron and muon
events, these parameters act to shift the reconstructed energy of events by as much
as 5% and 3% of their nominal values respectively. This is a conservative approx-
imation of the difference in the energy reconstruction difference between the MC
prediction and the final detector performance. By comparison, a single uncertainty

for both event types of 2.4% is used at SK.

Electron Neutrino Cross-section Parameterisation

As the selection of v, events at IWCD and HK have different efficiencies and the
ve/ v, CC cross-section is expected to be dependant on kinematics, a single param-
eter controlling the v. /v, CC cross-section is not sufficient to accurately encompass
the uncertainty on the prediction of event rate at HK.

In order to improve on this, a series of normalisation parameters are used, each
parameter controls the v, /v, CC cross-section ratio in a given range of true neutrino
energy. Five parameters are used for v./v, and five for 7, /7,, an uncorrelated 100%
prior uncertainty is included on all of these parameters. This allows for a significant

amount of normalisation and energy dependant freedom in these ratios.

7.6 Fit Results

In order to estimate the precision to which IWCD can measure these fit parameters
over its lifetime, it is possible to perform a fit to the nominal MC. The six samples are
generated taking the MC, weighting all events to correspond to a given exposure in
POT, weighting to account for pileup and finally applying selection criteria to each

event.
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These samples may then be treated as if they were real data from IWCD and a set
of nominal MC may be fitted to the selected samples. Here, to save on regenerating
new MC, the same nominal MC may be used. This is then weighted in a similar
manner, including a total exposure weighting and a pileup weighting. This fitting
MC is however also weighted in accordance with the values of the parameters of the
fit. A Hessian evaluator is then used at the best-fit point in order to obtain a post-fit
covariance matrix over all parameters.

As the v,/ vy and 7./ V), parameters are considered the signal parameters in this
IWCD fit and all others are nuisance parameters, only these parameters are inves-
tigated in detail here. The uncertainty on the v,/ vy and 7, /7, cross-section ratio
as a function of true neutrino energy can be seen in Fig 7.15 (top). The parameters
controlling the 0-300MeV energy range are only constrained to approximately the
30% level, this is due to the very low v, and 7, event rate in this energy range. The
ve/v, parameters are in general more tightly constrained than the 7. /7, parameters.
This is a result of the large wrong-sign background in the RHC 1Re sample, Fig 7.10,
reducing the 7, purity in this sample, hence limiting the available sensitivity.

The correlation between these parameters can be seen in Fig 7.15 (bottom). Due
to detector energy resolution, each true energy parameter affects multiple recon-
structed neutrino energy bins, hence two adjacent parameters in true energy can
affect the event rate in each other’s fit bins. This results in the slight anticorrelations

seen between parameters with similar energy ranges.

7.7 Physics Impact

In order to assess the impact of the IWCD v, cross-section constraint on HK’s dcp sen-
sitivity, a separate near-detector and far-detector fit approach was used. An Asimov
near-detector fit was performed to the 750m IWCD design, the resulting covariance
matrix for the true energy v, and 7, parameters was then used as a prior constraint
in the official HK oscillation fitting framework VALOR [122].

All other parameters used the HK “improved systematics” constraint which aims
to anticipate the improvement in systematic uncertainty that will be achieved during

HK. The only IWCD constraint included at present is therefore the v, /v, and 7, /7,
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parameters. The resulting sensitivity to exclude CP conservation is shown in Fig
7.16, the use of the IWCD constraint results in a slight improvement over the current,

theory-driven uncertainty used by T2K.
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FIGURE 7.16: The ability of HK to exclude CP conservation as a function of the

true value of dcp. With the energy dependant IWCD constraint. There is a small

improvement over the current v, /7, cross-section used by T2K, this is more signif-

icant for the positive values of dcp. Additional improvement is however necessary
to approach the desired sensitivity in red.

Of note is the fact that the IWCD constrained sensitivity to CP violation does
not scale as would be expected from a naive calculation of the effect on the v, to
7, signal event rate ratio. The IWCD constraint, despite limiting this signal event
rate ratio to 3.7% results in a sensitivity much closer to the theoretical 4.9% curve
than that of the 2.7% goal. This may be a result of the energy-dependant binning
adopted here giving more freedom to the fit to vary the cross-section in place of
the écp parameter. Alternatively, it may be that the fit obtains a significant portion
of its CP sensitivity from the lower energy region of the v, appearance spectrum,
below 600MeV. Hence the looser IWCD constraint in this region, Fig 7.15, may result
in a more degraded CP sensitivity than would be expected from the constraint on
total event rate alone. Finally the correlation between these parameters may play
a role. The precise relationship between the choice of this parameterisation and CP
sensitivity is a topic of further study and will need to be understood when designing

the complete IWCD analysis.
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While the improvement observed here is modest, any measurement of v, cross-
section at GeV scale is extremely challenging with current v, dominated pion decay
beams. Despite this, the IWCD is capable of making an improvement over theory

and any other experiment, with a relatively unoptimised, early stage analysis.

7.8 NCrt Cross-section Constraining Power

As discussed in Chapter 6, there is a growing interest in constraining the back-
grounds to the physics sensitive samples in LBL experiments. In the case of NC17
backgrounds, this can be constrained at T2K with a far-detector NC 0 sample.

Such a sample does however have limits to its power, owing to the lower event
rates available at a far-detector compared to a near-detector. Unlike ND280, the
IWCD is capable of selecting a large number of NC7” events, it is therefore in prin-
ciple possible to make a direct measurement of NC17t cross-section with the high
statistics available at IWCD.

The fit was therefore run with separate NC17t and CC17t parameters as in Chap-
ter 6. The resulting constraint on the CC17r and NC17t cross-section parameters can
be seen in Table 7.4 and Fig 7.17. Overall the NC17t cross-section can be constrained
to the sub 5% level, this is however subject to the caveat that detector systematics
are not present on these samples.

The IWCD has the potential to measure NC7t? event rate and cross-section pre-
cisely, this may prove useful as a cross-check between the IWCD and the HK de-
tector. With an NC7” sample implemented in both detectors, both experiencing the
same effective neutrino flux, it is possible to make direct comparisons between the

performance of each detector.

CCC& [NCC& [CCMg,, | NCMg,, | CClLy,, | NCIy
Error | 0.79% | 3.1% 1.2% 3.4% 1.5% 11%

TABLE 7.4: The post-fit errors on the CC and NC pion cross-section parameters.
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7.9 Outlook

The unprecedented event rates made available by HK will require tight constraints
on systematic parameters in order to obtain the desired physics sensitivity. As shown
here, the IWCD has the ability to constrain the most significant systematic for dcp
sensitivity, the v, and 7, CC interaction cross-section.

The design of the IWCD is not yet fixed, these fits can therefore be used as a guide
towards optimisation of the sensitivity to these cross-sections within the available
resources and budget. Under current consideration is the detector diameter and off-
axis span. The results of the fits with slight variations in these values are discussed
in Appendix D. Overall sensitivity is negatively affected with changes that reduce
the fiducial volume, however reduction of the off-axis span at low off-axis angles
has a comparatively small effect due to the low v, purity closer to the beam axis.

Improvements to this constraint are possible, an improved selection of v, and
7, events is likely to have the most significant impact. Due to the small fraction of
electron flavour in the beam, small changes to cut points can have a large impact on

the resulting sample, the impact of which on the resulting cross-section constraint
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has not been well explored. Improvements in event reconstruction have great po-
tential here, such as machine learning approaches which can offer improved e — u
and e — ¥ separation [123].

The v, cross-section measurement is only one part of the full analyses made pos-
sible by the IWCD, construction of new flux spectra through linear combination of
the events at different off-axis angles is one of the key features of the IWCD, which
will allow for improved differentiation of flux and cross-section effects. The use of a
more data-driven cross-section parameterisation is of interest to HK due to the chal-
lenges posed by neutrino interaction modelling, the large number of events available
at IWCD will enable such a model to be constrained directly with data from within

the same experiment.
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Chapter 8

Conclusions and Outlook

As the available statistics in LBL experiments increases, the impact of systematic un-
certainties on the resulting oscillation sensitivity will become more apparent. This
thesis has focused on improvements to the leading systematic uncertainty for both
current and next-generation neutrino LBL experiments; the neutrino-nucleus inter-
action cross-section.

For T2K, the goal has been to provide a more expansive approach to the treat-
ment of NC17t interactions within the oscillation analysis. This event type makes a
significant contribution to the background component of the T2K oscillation-sensitive
SK samples, this contribution is currently predicted via an interaction model con-
strained by CC17r data at ND280. Differences in cross-section for NC and CC in-
teraction types, or differences in the kinematic regions probed at the two detectors,
may result in this model prediction being incorrect for the NC17 background events
at SK. Hence additional verification or replacement of this extrapolation is desirable.

In order to provide this verification, two SK NC7” samples have been used, in
conjunction with a significant increase in NC17t cross-section model freedom. This
allows for fitting of NC17t event rate using the same interaction type and detector
as the oscillation sensitive samples, along with allowing a direct comparison of the
cross-section constraint provided by the ND280 CC17 and the SK NC7t? samples.

These samples have been included in the Bayesian Markov Chain Monte Carlo
fitter, MaCh3. This provides simultaneous fitting of the near and far-detector data
without the assumption of a Gaussian constraint at ND280. Due to the detector sys-
tematic uncertainties and low purity of the NC component in the ND280 samples,

this ND280 NC17t cross-section constraint is not known to be Gaussian a-priori. As



Chapter 8. Conclusions and Outlook 180

this analysis marks the first time a far-detector sample has been included with the
intention of constraining an interaction cross-section, the ability of MaCh3 to sepa-
rately probe the constraint provided by the ND280 and SK samples is valuable.

The resulting fit shows a NC17t constraint on event rate half as strong as the cor-
responding CC17t constraint, with a slight preference towards higher NC17 event
rate than the CC model. Due to the small difference between the NC and CC cross-
sections, the effect on recovered oscillation parameters is minimal. This should how-
ever give confidence in the robustness of the current pion cross-section constraint,
given the general agreement achieved from differing final states in two different de-
tectors.

In the future, we should look to leverage the specific advantages of the NC7°
sample to constrain more theoretically motivated differences between the NC and
CC pion cross-section, such as the impact of the different intermediate resonant
mass distributions present for these events. The purity of the NC7” selection can
be improved through the use of PID requirements on the pion decay rings that were
omitted in this analysis. With the resulting increase in purity, such a sample could
then be binned in a variable with more sensitivity to the expected kinematic differ-
ences between models, such as reconstructed 77° momentum. A momentum binning
is of particular interest, as this would be the only T2K sample directly binned in pion
kinematics, the spectra of which current generators struggle to recreate [101].

Finally, with a data constrained cross-section for NC17t events, it may be possible
to include signal v, CC events from 71’-like regions that were cut from the existing
1Re samples. With the current statistics limited v, and 7, appearance channels, such
an increase in signal statistics of up to 6% should provide additional CP sensitivity
for a given beam period.

Further in the future, HK will depend on precise determination of systematic
uncertainties to achieve its sensitivity goals, the IWCD aims to provide constraint
for a number of these. This work has investigated the potential of replacing the
existing, theoretically-motivated uncertainty on the v, and 7, CC cross-sections, with
ameasured value from the IWCD detector. This cross-section uncertainty is expected
to be the leading systematic limiting HK’s CP violation sensitivity. In order to assess

the ability of the IWCD to constrain this cross-section, a series of MC selections have
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been made and included in a near-detector fitting framework. This includes one-
ring muon, electron, and two-ring 70 samples, with both neutrino and antineutrino
samples.

The resulting fits show that the IWCD is capable of measuring these v, and 7, CC
cross-sections to a precision equal to, or greater than, existing theoretical uncertain-
ties, furthermore, the fits demonstrate the ability for this constraint to be provided
as a function of kinematics such as incident neutrino energy. The resulting INCD v,
and 7, cross-section constraint has been included in a HK oscillation fit, and yields
an improvement in CP violation sensitivity over the theoretical constraint.

The IWCD analysis will require a number of improvements before the start of HK
data collection, one such improvement will be the expansion of the existing cross-
section model, for this, the ongoing cross-section model development within T2K
will be useful. Due to the higher statistics available at HK, additional HK specific
parameters will also be required. The current INCD analysis does not include the
detector systematic uncertainty on event selection, given the large number of events
in the IWCD samples, such systematics may have a strong interplay with the at-
tainable physics sensitivity and should be properly considered. Finally, robustness
studies into the convergence of these fits will be needed, given the complexity of
the model being fit and the dominance of the data term in the likelihood, multiple
local minima may be possible, and a strategy to identify the global minimum will be
needed.

In the future, the two analyses discussed here may be combinable. An NCr7°
sample in the HK far-detector could be compared to the INCD NC7” sample from
the 2.5° position, such samples would represent the same interaction mode in the
same effective flux but in two different detectors at different baselines to the beam
production point. These would allow for comparison of the reconstruction prop-
erties of the detectors, or potentially be used in a sterile neutrino search, with the
IWCD providing a prediction for NC7t’ event rate at the far detector, which could
then be compared to the HK NC7t” sample to identify a deficit due to sterile oscilla-
tion.

Overall, LBL neutrino oscillation experiments have yielded excellent measure-

ments of neutrino oscillation parameters with a limited number of interaction events.
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To date, these low statistics have been the dominant uncertainty on the recovered os-
cillation parameters, however, as additional data is collected during T2K-II and with
the data available at HK, systematic uncertainties currently considered unimportant
to the physics results will become limiting. It is therefore essential that these uncer-
tainties be properly considered and mitigation against their effects be made wher-
ever possible, either through better use of existing data or with the construction of

new detectors.
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Appendix A

The T2K Cross-section Model

The T2K neutrino cross-section model has been developed to provide the necessary
theoretically motivated freedom in the oscillation analysis to fit the generated MC to
the data observed at ND280 and SK. When implemented in the oscillation analysis
this model consists of 47 parameters, controlling certain event types and interactions

at either ND280, SK or both. These are summarised in Table A.1.

* MaQE— The axial mass of the axial vector dipole form factor for CCQE inter-
actions, adjusts Q? shape of the CCQE interaction cross-section. Prior derived

from bubble chamber data [90].

¢ 2p-2h— The 2p-2h interaction involves a neutrino interaction resulting in two
nucleons escaping the nucleus. This can occur via two mechanisms, meson
exchange, dominated by a pionless A decay or via nucleon-nucleon correla-
tions. As this is highly dependant on the nuclear environment, separate un-
certainties are included for carbon and oxygen targets. The shape refers to
the relative contribution from the meson exchange mechanism compared to
nucleon-nucleon correlation. As the struck nucleon will be different for v and
7 interactions separate uncertainties are included. In order to account for the
different cross-section from different models of 2p-2h interactions, additional
energy-dependant parameters are included. These affect the shape of the 2p-
2h cross-section as a function of incident neutrino energy. The low energy pa-
rameters control events with neutrino energy below 600MeV, with high energy
being above 600MeV [91]. Priors are very loose due to a lack of experimental

2p-2h data, the carbon-to-oxygen prior is based on electron scattering data [90].
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Parameter Name ND280 | SK | Spline | Pre-fit Error Interaction Types
MaQE yes yes | yes 6% CCQE
2p-2h norm v yes yes no 100% v 2p-2h
2p-2h norm ¥ yes | yes | no 100% 7 2p-2h
2p-2hnorm C to O yes | yes | no 20% 2p-2h
2p-2h shape C yes no yes flat 2p-2h on carbon
2p-2h shape O yes | yes | yes flat 2p-2h on oxygen
2p-2h Edep low E, yes | yes | yes 100% v 2p-2h
2p-2h Edep high E, yes | yes | yes 100% v 2p-2h
2p-2h Edep low E; yes | yes | yes 100% 7 2p-2h
2p-2h Edep high E; yes yes | yes 100% 7 2p-2h
Q%0 yes yes no 33% CCQE
Q%1 yes yes no 21% CCQE
Q%2 yes |yes| no 17% CCQE
Q%3 yes yes no 17% CCQE
Q%4 yes yes no 17% CCQE
Q%5 yes |yes| no 11% CCQE
Q%6 yes yes no 18% CCQE
Q?7 yes |yes| no 40% CCQE
E, Cv yes no no 6MeV v on carbon
E,C7v yes no no 6MeV 7 on carbon
E, Ov yes | yes| no 6MeV v on oxygen
E, O yes yes no 6MeV 7 on oxygen
cg yes | yes | yes 16% CC1m and NCl17t
ME. yes | yes | yes 14% CClmand NC17
I/, low P no yes | yes 135% 7 CClm and NC17t
Lo yes | yes | yes 42% CClm and NC17
CCnorm v yes yes no 2% v CC
CCnorm v yes yes no 1% v CC
CCrve/vy yes yes no 2.8% v, CC
CC /7y yes yes no 2.8% 7, CC
CCBY DIS yes | yes | yes 100% CCDIS
CC BY Multit yes | yes | yes 100% CC Multi
CC AGKY Multir yes yes | yes 100% CC Multi
CC Misc yes | yes | no 100% CC Miscellaneous
CCDISMultitnormv | yes |yes| no 3.5% CC v DIS and Multi 7
CC DIS Multirt norm 7 yes yes no 6.5% CC 7 DIS and Multi 7
CCCohC yes no no 30% CC Coherent on carbon
CCCoh O yes yes no 30% CC Coherent on oxygen
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Parameter Name | ND280 | SK | Spline | Pre-fit Error | Interaction Types
NC coherent yes | yes | no 30% NC Coherent
NC 17 yes yes | no 100% NC 1y
NC Other near yes no no 30% NC Other at ND280
NC Other far no yes | no 30% NC Other at SK
FEFQE low yes yes | yes 30% Events with pions
FEFQE high yes yes yes 47% Events with pions
FEFINEL yes yes | yes 110% Events with pions
FEFABS yes | yes | yes 31% Events with pions
FEFCX yes yes | yes 44% Events with pions

TABLE A.1: The individual parameters of the T2K cross-section model.

¢ (2 normalisation — External experiments have consistently shown a reduc-
tion in CCQE cross-section at low Q relative to that predicted by the spectral
function model of the nuclear environment as used by the T2K CCQE model.
In order to account for this, explicit normalisation parameters are included for
specific regions of Q2. A total of five such parameters are included to suppress
the low Q? region covering 0 to 0.25GeV? with prior based on MINERVA data
[91]. At high Q? is it believed that the dipole form factor does not adequately
describe the Q? shape of the CCQE cross-section, hence three further normal-
isation parameters are included covering the region above 0.25GeV? the prior
on this is based upon the difference between the dipole form factor prediction

and the Z-expansion form-factor [90][91].

* E, — The spectral function model of the nuclear environment includes shell
structure, hence there is no single nucleon binding energy. A full model of
the uncertainty on the energy required to remove a struck nucleon would ne-
cessitate separate uncertainties depending on the shell. Instead a conservative
uncertainty of 6MeV is assumed based on the uncertainty on p shell binding
energy from electron scattering experiments. Freedom for neutron binding
energy relative to the proton binding energy is provided with different param-
eters for v and ¥ interaction. As the nuclear environment in carbon and oxygen
are different separate freedom is provided for each nucleus [91]. The effect of

these parameters is to alter the energy of the outgoing charged lepton.
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e CZ and M4,,— The normalisation and Q? shape of the dipole form factor in

resonant pion production, described in more detail in §5.5.2.

* 1,5 low P, and I ,,— The non-resonant pion production contribution, de-

scribed in more detail in §5.5.2.

¢ CC normalisation — An outgoing charged lepton from a neutrino interaction
will gain or lose energy as it escapes the charged nucleus as a result of the
Coulomb potential, as this effect is not directly included in NEUT it is added
as a post-hoc uncertainty on interaction cross-section in the region in which
this effect is greatest. These apply to neutrino interactions with true energy in

the range of 400 to 600MeV [91].

* CCv,/vy, and 7. /7,— Due to the uncertainty on radiative corrections that are
not modelled in NEUT there is a theoretical uncertainty on the ratio of v, to
v, and 7, to 7, cross-section, this is included in T2K as a single normalisation

parameter.

¢ CC Bodek-Yang DIS and Multi r — In deep inelastic scattering the neutrino
interaction occurs on a single quark within a nucleon, a parton PDF is required
to model the interaction cross-section. The QCD models upon which these par-
ton PDFs are based can break down at low Q?, Bodek and Yang [124] modifica-
tions allow for the use of these PDFs at low Q2. These corrections are however
subject to additional uncertainties, in order to include these the ratio between
the predicted cross-section with and without Bodek-Yang corrections is used
as a weighting on CC DIS and CC multiple 7t events separately as a function

of neutrino energy and Q%

e CC AGKY Multi t — By comparing the prediction of CC multiple 7t cross-
section from NEUT to a prediction made with the AGKY model [125], a mea-
sure of model uncertainty is obtained. This parameter acts to weight the MC

from NEUT towards the AGKY prediction as a function of neutrino energy.

¢ CC Miscellaneous — A conservative uncertainty on the cross-section for all CC

events not covered by other components of the model, such as CC 1y and CC

1.
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¢ CC DIS Multi 7t normalisation — Normalisation uncertainty on CC DIS and
multiple 7t events, motivated by the difference in cross-section seen between

NEUT at high energy and PDG CC inclusive cross-section [91].

* CC coherent — Normalisation uncertainty on CC coherent interactions with
the whole nucleus. Two parameters are used, one for oxygen and one for car-
bon with the water in FGD2 at ND280 able to provide the some constraint

relevant to the water target at SK [126].

¢ NC coherent — Normalisation uncertainty on NC interactions upon the entire

nucleus, uncertainty derived from comparison to SciBooNE data [127].

* NC 17— A normalisation uncertainty on NC 17 events, prior uncertainty mo-

tivated by a lack of experimental evidence of the existence of NC 17 events.

* NC other — A normalisation parameter on all other NC interactions at ND280
and SK separately, the expected selected interaction types being sufficiently

different at the two detectors that correlation is not made between them.

¢ FEFQE — Uncertainty on the quasi-elastic scattering of pions off nuclei within
the nucleus in which it is created. This is split into a low and high energy

regime. Prior is derived from fits to pion-nucleus scattering [128].
¢ FEFINEL — Uncertainty on production of pions from in-nucleus interactions.
¢ FEFABS — Uncertainty on pion absorption probability in the nucleus.

¢ FEFCX — Uncertainty on pion charge exchange within the nucleus, in which a
charged pion becomes an uncharged 7’ (single charge exchange) or becomes a
charged pion of opposite charge (double charge exchange). Prior uncertainty

derived from fits to pion-nucleus scattering [128].
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Appendix B

The Super-K Multi-Ring

Atmospheric Fit

A fit to SK atmospheric data is used to estimate the impact of the detector recon-
struction uncertainty on the NC7t® samples. This fit consists of dividing the SK MC
and data into eight samples by the number of reconstructed rings, decay electrons

and, in the one-ring samples by e-like or u-like ring as shown in Table B.1.

Sample Number Description

1 e-like ring, 0 decay electrons
1 e-like ring, 1 decay electrons
1 p-like ring, 0 decay electrons
1 p-like ring, 1 decay electrons
1 p-like ring, 2 decay electrons
Multiple rings, 0 decay electrons
Multiple rings, 1 decay electrons

O N O U x WD -

Multiple rings, 2 decay electrons

TABLE B.1: The samples used in the multi-ring atmospheric fit to constrain the ring
counting and PID uncertainties.

These samples are then binned in chosen reconstructed likelihood ratios e.g. the
e/ 7" PID ratio. For each of these ratios a set of ‘shift and smear’ parameters are
used for each final state topology, Table B.2, and visible energy range, Table B.3.

These modify the likelihood ratio of a given event according to:

b — o Ly + By, (B.1)
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Topology index j | Final State Topology
0 le
1 1u
2 1le + Other
3 lp+ 1t
4 1y + Other
5 170
6 1+
7 Other

TABLE B.2: The true final-state topologies used in the SK detector systematic un-
certainty fit [117].

Bin index k | Visible Energy Range (GeV)
0 0.1—0.3
1 0.3—0.7
2 0.7—1.33
3 1.33—3.0
4 3.0—5.0

TABLE B.3: The visible energy ranges used in the definition of the shift and smear
parameters eqn. B.1 for the SK detector uncertainty [117].

where L;k is the modified likelihood ratio for a given fiTQun selection variable
‘i’ for an event with true final-state topology ‘j” and visible energy bin ‘k’. « is the
‘smear’ parameter spreading or compressing the fiTQun variable likelihood distri-
bution while g is the ‘shift” parameter, which uniformly moves the distribution.

In total there are eight final-state topologies in five visible energy ranges for the
seven fiTQun variables. This results in 280 shift and 280 smear parameters in the fit,
parameters being shared between events with the same topology and visible energy
range but from different samples.

In order to constrain the shift and smear parameters, an MCMC fit is performed
to SK atmospheric data with these as free parameters. This fit includes atmospheric
flux, cross-section and oscillation nuisance parameters.

Each step in this fit entails applying the shift and smear parameters on an event-
by event basis, applying the weights from the flux, cross-section and oscillation pa-

rameters and applying the event selection criteria to the resulting likelihood ratios.
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The resulting selections are binned in the PID likelihood ratios for each range of vis-
ible energies and a shape-only comparison between data and this MC prediction is

made:

— — _ Data %
In(P(Data]MC(x))) = — ) |N3/,In NMC (B.2)

ikLm Ln Nikin
Where x are the values of the model parameters. The summation runs over the seven
fiTQun variables i, the five visible energy bins k, the eight samples 1 and the bins in
the fiTQun variables m and n. This is therefore a shape comparison between the MC
and data.

Additional constraint on the shift and smear parameters is included through ‘hy-
brid’” samples. There are two such samples, 17t° and 1u+17t". The 17° sample takes a
true 719 MC event and substitutes one of the 71° decay photons for a SK atmospheric
1Re event of the same reconstructed energy, the second photon is then simulated
and the MC detector response overlaid on the data response from the first ring. The
overall event is then reconstructed by fiTQun as is the corresponding pure MC event.

These MC events are then binned in the same way as the atmospheric samples
above, with the same shift and smear parameters applied. A two dimensional x>
map in the («, B) space is made for each fiTQun variable and visible energy range by

comparing the MC to the hybrid data:

X2 — Z (Ndata — Z\]MC)2 (B.3)

bime Tdata + Thic
Where the summation runs over the bins in the fiTQun variable for a given vis-
ible energy range. These maps are then used as a prior constraint on the shift and
smear parameters for the 177° and 1p + 17t final state topologies.
The combination of these x> maps and the atmospheric likelihoods are used as

the likelihood in the MCMC fit.
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Appendix C

Simulated Data Distributions

The event distributions used in the simulated data study of §6.1.1. Here the con-
tribution of NC17r events in all samples has been increased by 30%. The resulting

distributions are shown along with the fractional change relative to the unmodified

MC prediction.
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FIGURE C.8: The postfit constraint on the T2K cross-section parameters when fit-
ting to the simulated NC17r data described in §6.1.1
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Appendix D

Additional IWCD Studies

D.1 Further Studies

To investigate the impact of different detector diameters and off-axis spans on the
cross-section results, some investigations were performed varying these properties
and investigating the impact on FHC only fits. These fits used a looser flux prior
based on the thin target tuned T2K flux model with a 10% error on v, flux at the flux
peak. The impact of pileup on the event rates was included but uncertainties on this
were not included. Additionally these fits were performed with the v, cross-section

parameterised as a function of reconstructed neutrino energy.

D.2 Fit Parameters

As the cross-section fit is performed in reconstructed v, energy the correspondence
between each fit parameter and the true energy distribution of v, events is of interest.
The selected event breakdown as a function of reconstructed v, energy over all off-
axis angles is shown in Fig D.1 (left).

The true energy distribution of selected events with reconstructed energies be-
tween 0 and 300MeV is shown in Fig D.1 (right). Many selected v, CC events have
energies above 300MeV and are mis-reconstructed to be at low energy. However
the majority of backgrounds in this reconstructed energy range backgrounds in this
0-300MeV region come from high incident energy NC interactions.

The distributions for the remaining four signal parameters are shown in Figs

D.2, D.3. These show good agreement between the true energy distributions of v,
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events and the reconstructed energy parameters to which they correspond, with

sharp boundaries in event rate at the parameter edges.

== true_other
= true_nue_ws
. true_numu_ws
I true_numu

. true_numu_pi0
M true_nc_other
8 true_nc_pi0
. true_nc_gamma
BB true_gamma
I true_nue 20

IV, CC
— Enteringy

300 B NC

EENCy

B NC Other
v, CC
v, °
v, WS
— Vv, WS
== Other

25

Number of Events
Number of Events

15

10

500 1000 1500 2000 2500 3000 3500 4000 4500 5000 500 1000 1500 2000 2500 3000 3500 4000 _ 4500 5000
Reconstructedv Energy (Assuming CCQE) True v Energy (MeV)

FIGURE D.1: The reconstructed energy distribution and interaction breakdown of
all selected v, like events at all angles (left). The distribution and breakdown by
mode of those selected events with reconstructed energies below 300MeV corre-
sponding to the first signal parameter, as a function of true incident neutrino en-

ergy (right).
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FIGURE D.2: The breakdown by true incident neutrino energy and interaction
mode for selected events with reconstructed energies between 300-600MeV (left)
and 600-1000MeV (right).

D.2.1 Neutron Tagging

In order to investigate the impact of neutron tagging at IWCD on the electron neu-
trino cross-section measurement, a toy neutron generation model was added to the
fitter. This model uses the number and momentum of outgoing post FSI (final state
interactions) hadrons to generate post secondary interaction (SI) neutrons. For each
outgoing post FSI hadron as generated by NEUT, a momentum dependant particle
gun based neutron multiplicity probability distribution function is used. This ran-
domly assigns a number of post SI Neutrons generated by that outgoing hadron.

The PDFs used for this calculation are shown in Fig D.4.



Appendix D. Additional IWCD Studies 217

501

S

401

S

Number of Events
Number of Events

30

IS}

20

S}

10

3

500 1000 1500 2000 2500 3000 3500 4000 4500 5000 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
True v Energy (MeV) True v Energy (MeV)

FIGURE D.3: The breakdown by true incident neutrino energy and interaction
mode for selected events with reconstructed energies between 1000-1500MeV (left)
and greater than 1500MeV (right).
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Summing all of the neutrons generated by the outgoing hadrons from an event
yields the total neutron multiplicity of the event. The neutron multiplicity event
distribution is shown in Fig D.5. This shows the generated multiplicity for true 7,

events in FHC operation and includes both NC and CC events.

IWCD Post FSI Neutron Multiplicityv,, IWCD Generated Toy Neutron Multiplicityv,
g e T or
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FIGURE D.5: The NEUT generated neutron multiplicity after FSI (left) and after FSI

and SI (right) for true 7, events in FHC operation in the 2.4 - 2.6 ° off-axis range

of IWCD. The post FSI neutron multiplicity is dominated by the outgoing neutron

expected in the CC 7, interaction proces. The post FSI and SI distribution is skewed

to higher neutron multiplicities due to the addition of multiple neutron generation
from high momentum outgoing hadrons.

This toy generation model does not account for the spatial distribution of the
final captured neutrons. The majority of these neutrons are however expected to be
captured less than 1m from the primary vertex. With the 1m dwall cut used in this
analysis it is expected that the majority of these neutrons will not escape the inner
detector volume. Accounting for detector efficiency, a conservative estimate of 70%
tagging efficiency for each generated neutron was assumed, independent of other
neutrons generated by the event.

The cross-section fitter was expanded to account for this tagging information, the
1 ring e-like and 1 ring-u like samples were split into two, one for events with one
or more tagged neutrons and one for events without tagged neutrons, as shown for
the 1Re samples in Fig D.6.

The addition of neutron tagging allows for neutrino sign selection, this is most
clearly seen in the RHC samples in Fig D.6. Here the v, background to this 7, sam-
ple is primarily contained in the untagged sample, furthermore, few NCr events
generate neutrons, hence the majority of this large background is present in the un-
tagged sample. The overall result is that the tagged RHC 1Re sample has greater 7,

CC sample purity than the no neutron tagging sample Fig 7.10.



Appendix D. Additional IWCD Studies 219

Selected 1-ring e-like Events FHC With 0 Tagged Neutrons Selected 1-ring e-like Events RHC With 0 Tagged Neutrons

g E — Other ON g 3000p — Other ON

& E = Vv;CCON i F == v,CCON

5 E 5

& E I v, CCON 5 - I v; CC ON

5 E I v, CCON 5 F I v, CCON
E Bl v, CCn°ON L B v; CCn0ON
E Il NC Other ON E Il NC Other ON
= B NC ° ON E I NC 0 ON
E B NC Gamma 0 i B NC Gamma 0
E B Gamma ON i B Gamma ON
= Bl v.CCON o Il v, CCON

500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Reconstructedv Energy (MeV)

500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Reconstructedv Energy (MeV)

Selected 1-ring e-like Events FHC With 1 Tagged Neutrons Selected 1-ring e-like Events RHC With 1 Tagged Neutrons

o o =

H C — Other IN 5 E — Other 1IN

4 1400 ==V;CCIN 3000~ = v,CC1N

E wzooi I v, CC N 5 E Il v; CC IN

£ r IV, CCIN £ - Il v.CCiN

“ oo™ B v, CC® N 2t EE v cCr N
E Il NC Other 1N — Il NC Other 1N
E EENCIN L EENCTOIN
r B NC Gamma 1 - B NC Gamma 1
C B Gamma 1N C B= Gamma 1N
C ElV.CCIN = Il v, CCIN

500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Reconstructedv Energy (MeV)

500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Reconstructedv Energy (MeV)

FIGURE D.6: The selected 1 ring electron-like samples broken down by true neu-

trino and interaction mode. The top row shows the FHC sample (left) and the RHC

sample (right) for events without tagged neutrons in the final state. The bottom
row shows the breakdown in the neutron tagged sample.

Tagging Uncertainty

Uncertainty in neutron tagging comes from two sources; uncertainty in neutron pro-
duction rate and uncertainty in tagging efficiency. Uncertainty on production rate
is complex and depends heavily on post FSI neutron multiplicity which is currently
poorly constrained. As this uncertainty is not included in the fitter, these results
are representative of a best-case scenario in which neutron production uncertainty
is well constrained.

Uncertainty in tagging efficiency is included in both the electron and muon sam-
ples. This is included in the fitter as a single parameter that varies the tagging effi-
ciency applied to each true neutron. For each fit bin in each sample the MC predicted
event rate for three different neutron tagging efficiencies is evaluated. These three
points are normalised to the event rate at the nominal 70% tagging efficiency and a
quadratic spline is fitted to these three values. This yields a spline that can be used
to continuously reweight each fit bin according to the neutron tagging parameter
value. This prevents discontinuities in predicted event rate as MC events are moved

between the tagged and untagged samples. A conservative 10% prior uncertainty
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on neutron tagging is included.

The results of this fit are shown in Fig D.7. There is a percent level improve-
ment in the precision of the 7, cross-section measurement when neutron tagging
information is added. This can be explained as a result of the reduced background
contamination in the most signal rich regions as seen in Fig D.6.

Here, in the RHC sample, the majority of the signal 7, events are associated with
a tagged neutron, while the background NC7t¥ events are associated with very few
tagged neutrons. Thus the resulting tagged sample has higher purity, allowing for
an improved constraint on the cross-section.
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FIGURE D.7: The post-fit cross-section ratio uncertainty for v, /v, (left) and 7./ 7,

(right) when fitting in true incident neutrino energy. The addition of neutron in-

formation yields a significant decrease in cross-section uncertainty. Due to the lack

of neutron production multiplicity uncertainty, the tagging efficiency parameter is

tightly constrained to 0.14% uncertainty and so has very little effect on the cross-
section measurement.

Due to the lack of uncertainty in neutron multiplicity the fit tightly constrains
the tagging efficiency parameter to 0.14%. This is a result of the large numbers of
v, events constraining this tagging efficiency, hence this cross-section is an upper
bound on the potential impact of neutron tagging in IWCD, with appropriate neu-

tron generation uncertainty the cross-section errors would increase.
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FIGURE D.8: The effect on the cross-section measurement of fixing various sources

of systematic error in the fit. Cross-section uncertainty plays a significant role at

energies below 600MeV while flux uncertainty is limiting at energies between this
and 1500MeV.

D.2.2 Sources of Error

In order to identify which systematic uncertainties affect the signal parameters most
strongly, fits are run with the parameters of interest set at their nominal values and
not varied. This eliminates the freedom provided by these and allows for under-
standing the fit performance if these parameters were a priori perfectly known. The
fixed parameters investigated include the flux uncertainty, all non-v, cross-section
parameters, and finally, the case of all parameters fixed except the v, cross-section.
This latter case represents the maximum sensitivity achievable with the 1Re sample
described in §7.4.1.

The resulting constraint on the v, signal parameters of these fits is shown in Fig
D.8, it can be seen that the removal of flux uncertainty has a significant effect on the
measurement precision of the v, event rate in the 600 — 1500MeV region, reducing
the overall error to a level comparable to a statistics only fit. This indicates that with
this 10% flux prior, the uncertainty in the v, cross-section measurement in this energy
range is dominated by flux errors. Furthermore, the flux error is also a significant
contributor to the overall error in the 300 — 600MeV region, the removal of the flux
uncertainty decreases this measurement error from 4.5% to 3.5%.

Uncertainty in the cross-section parameters drive the signal parameter error in

the 0 — 300 MeV energy range and are the largest systematic contributor in the
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FIGURE D.9: The effect on the v, cross-section measurement error of fixing all
charged current cross-section parameters, all neutral current cross-section parame-
ters and the entering -y parameter.

300 — 600MeV and 1500+MeV signal regions. Further breaking down these cross-
section parameters into CC and NC components as seen in Fig D.9, it can be seen
that the NC parameters have a greater impact on the v, cross-section parameters at
energies below 600MeV. The CC parameters have a slight impact at reconstructed
v, energies above 1500 MeV. The impact of entering 7 events is quite small and is
limited to the lowest energy bins, this is due to the low entering -y event rate, as a
result of the effective removal by the fiducial volume cut.

Fig D.10 shows that NC 7 uncertainty is a significant source of error in the v,
cross-section measurement in the 300 — 600MeV reconstructed energy range. This
is corroborated by the distribution of NC v events seen in Fig 7.9 peaking at this
energy range. As these events have a 100% prior uncertainty applied, a small con-
tamination of the sample with NC v events can significantly adversely affect the

resulting measurement.

D.2.3 Off-Axis Span

In order to assess the impact of a reduced off-axis span of IWCD, the fit can be run
excluding events from certain off-axis ranges. The current proposed design includes
an off-axis span of 1 - 4°, however other ranges may be of interest.

The results of excluding parts of this span from the analysis are shown in Fig

D.11, these are shown for the 6m tall, 8m diameter ID design placed at 750m. When
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FIGURE D.10: The effect on the v, cross-section of fixing different NC cross-section
parameters in the fit. Due to the large 100% prior uncertainty given to NC -y events
and the lack of an NC v control sample in the fit this parameter can be seen to be
the dominant NC cross-section parameter in terms of the effect on v, cross-section.

excluding off-axis ranges, the exposure in the remaining span is equally weighted
up to ensure total exposure remains the same, as would be the case with a run plan
consisting of uniform sampling over the off-axis range.

At high off-axis angles an increasing proportion of incident flux is v.. Hence,
additional data taking at these high off-axis angles would benefit this measurement
as these positions have an increased signal to background ratio. This is the cause
of the slight improvement seen in Fig D.11 when the off-axis span is reduced from

1-4°to1.5-4° and to 2 -4°.

D.2.4 Michel Electron Cut

Due to the high event rate environment of IWCD, and the long decay time of muons
relative to beam bunch intervals, identifying which event from a given spill is re-
sponsible for a detected Michel electron may be challenging. Therefore, the impact
of an imperfect or entirely absent Michel electron tag on the v, fit is of interest. Fig
D.12 (left) and Table D.1 show the effect of removing the Michel cut on the event
selection in the most signal rich 2.7-4.0° off-axis angles. Overall there is a signifi-
cant increase in v, CC Other events when compared to Fig 7.9 as a result of a lower

sensitivity to pion decays when the Michel tag is removed. Additionally there is an
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FIGURE D.11: The effect on v, cross-section of changing the off-axis span of IWCD.
The total exposure is set to 7x10?! POT in FHC operation. There is a slight
improvement in measurement precision when using the more restricted off-axis
ranges, this is a result of redistributing the 1-2 degree exposure over the remaining
off-axis angles. This results in a greater exposure at the more off-axis detector po-
sitions where the intrinsic signal to background ratio is greatest. The difference is
however very slight at reconstructed energies above 300MeV.

increased number of selected pion events and a significant increase in the number of

selected v, CC events.
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FIGURE D.12: The v, selection breakdown by mode and reconstructed energy with-
out Michel electron tagging (left). There is a significant population of events with
pions in the final state as a result of the removal of this tag. The effect of this on
the cross-section measurement (right) relative to the with Michel tag case. There is
a slight improvement in the v, CC inclusive cross-section measurement due to an
increase in overall v, CC event rate.
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The effect of the removal of the Michel tag on the resulting cross-section mea-

surement can be seen in Fig D.12 (right), due to the increase in v, CC event rate the

constraint improves slightly with the removal of the Michel electron tag. This is a re-

sult of the definition of signal used, here a CC-inclusive measurement is being made,

hence an increase in v, CC pion events in the selection improves the sensitivity.
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FHC With Michel Tag | FHC Without Michel Tag
Off-Axis Angle 1-2.7° 2.7-4° 1-2.7° 2.7-4°
v, CCQE 6 108 6 364 6 160 6416
Ve 2p2h 1268 1065 1280 1080
v, CClm 1573 1410 3 064 2 696
v, CC Multi 7 137 129 340 319
v, CC Other 28 33 68 53
v, CC 435 144 2622 746
7, CC 2 4 23 21
e 635 816 658 854
NC17vy 590 209 593 209
NC 1 7 5035 1790 5135 1843
NC Other 2 661 1159 4025 1828
Total v, CC 9114 9001 10912 10 564
Total Backgrounds 9358 4122 13 056 5501
Total 18 472 13123 23 968 16 065
v, CC Purity 49.3% 68.6% 45.5% 65.8%
Ve + 7, CC Purity 52.8% 74.8% 48.3% 71.1%

TABLE D.1: The number of events in the electron-like selection broken down by

incident neutrino and interaction mode after applying an off-axis angle dependant

pileup induced efficiency Fig 7.14. The exposure in FHC is 7 x 102! POT. The re-

moval of the Michel electron tag significantly increases both v, CCl7 and v, CC

contributions to the sample. Overall there is a slight decrease in selection purity
relative to the Michel electron tag sample.

D.2.5 Pileup

As shown in Fig 7.14, pileup in the detector will have a significant impact on the
number of events selected in each bin of the fit. Uncertainty in this pileup therefore
has the potential to significantly affect the results of a fit if not properly consid-
ered. As the pileup efficiency depends only on the central position of the detector
it is natural to include one parameter per detector position in the fit. Each of these
parameters controls a normalisation weight for all events that occurred at the cor-
responding detector position. As the samples used in the fit are binned in off-axis
angle, these pileup parameters will be constrained by the fitting process. The action
of each parameter is however equivalent to an increase in total flux at that detec-
tor position. These pileup parameters will therefore be highly correlated with flux
parameters, and so the constraint offered by this fit alone may be quite poor. At
IWCD independent, high precision measurements of pileup will be desirable, these
can then be included into the fitter as a prior uncertainty on pileup.

For each detector position, the corresponding pileup parameter is weighted by 1
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- the nominal pileup at that position. This is then used to scale the overall event rate
at this position. The weighting is used to account for the greater uncertainty in the
measurement of pileup in positions with high intrinsic pileup.

Including these parameters into the fitter and using the 750m weighted fit, the
post-fit errors on these pileup parameters are shown in Fig D.13 (top) with a range of
uncorrelated priors placed on the pileup parameters. At the most on-axis positions,
the fitter is able to constrain the pileup beyond that provided by the prior due to the
high event rate at these positions. At the higher off-axis angle positions however
there is little data constraint and the prior plays a more significant role. Due to the
significant anti-correlation between these pileup parameters and the incident flux, as
seen in Fig D.14, the resulting error on the pileup parameters is significantly greater
than that possible from the statistics of the samples alone. The effect of the inclusion
of these parameters on the resulting v, cross-section measurement is shown in Fig
D.13 (bottom). Overall, pileup does have an effect on the measurement precision,

however this is quite small, even for relatively large given prior uncertainties.

D.2.6 Integrated Flux

As IWCD measures the intrinsic, unoscillated v, flux near the production point, elec-
tron neutrinos from kaon decay parents play a significant role. IWCD therefore ex-
periences a v, flux with a longer high energy tail than that seen in the oscillated
spectrum at the far detector.

To compare the fluxes seen at INCD to that seen at HK, the integrated v, flux
at INCD must be evaluated. Taking off-axis slices of the IWCD v, flux distribution
and weighting by pileup efficiency at the corresponding detector positions yields the
effective flux used by the IWCD v, cross-section fit, as shown in Fig 7.2. INCD has a
significantly broader distribution however a significant proportion of flux overlaps
with the HK oscillation maximum energy range, which provides sufficient statistics
in the v, sample in the energy range of interest, between 300—1000MeV.

The measured flux at IWCD with a reduced off-axis span of 2-4 degrees is shown
in Fig D.15. In contrast to Fig 7.2 the 2-4 degree flux is peaked slightly more sharply

at lower energies with a slightly reduced overall spread.
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FIGURE D.13: The post-fit errors on the pileup parameters (top) for a range of

uncorrelated prior uncertainties on these parameters. The uncertainty is greatest at

the most off-axis positions due to lower event rate in these regions. The resulting
impact on the v, cross-section parameters (bottom) is small however.
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270-274 are the v, signal parameters. There is strong anti-correlation between the
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FIGURE D.15: The total v, flux measured by IWCD over a reduced 2-4° off-axis

range and that present at HK. The highlighted regions show 68% of the incident

flux symmetrically about the mean. The IWCD Flux has a significantly broader

distribution than the oscillated HK spectrum. Both fluxes are normalised to a total

integral of one with oscillation parameters sin? 6,3 = 0.51, Am%3 =251 x 1073 eV2
and dcp = 0.
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FIGURE D.16: The errors on the signal parameters for the different detector sizes.

In all cases the detector height is 6m and a 100cm wall cut is used. The same cuts

are used to select events in all three cases. Due to the limited statistics, the precision

of the v, cross-section measurement is quite sensitive to changes in the number of
events detected.

D.3 Detector Size & Position

The precision in the measurement of the v, CC inclusive cross-section will depend on
the total number of these events detected. This is affected by the size of the detector
and its distance from the beam production point. It is possible to investigate this
effect using MC from a single detector size and position by re-weighting events to
account for the changes in expected event rate. Three detector sizes at 750m are

investigated for their impact on the v, cross-section constraint, these are summarised

in Table D.2;
‘ Height (m) ‘ Diameter (m) ‘ v, Fiducial Volume (m?)
990m MC Design 10.42 7.42 194
750m Reduced 6.0 74 91.6
750m Nominal 6.0 8.0 113
750m Enlarged 6.0 8.5 132

TABLE D.2: The detector sizes considered for this comparison.

Fig D.16 shows the effect of these different detector designs on the resulting error
on the v, cross-section parameters. The same cuts were used in all cases. From this
it can be seen that changes in detector size can have a large impact on IWCD’s v,
cross-section sensitivity, with reductions in diameter yielding significant reductions

in sensitivity while enlargements show a smaller effect.



