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Measurement of neutrino interactions on water and
search for electron anti-neutrino appearance in the
T2K experiment
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Particle physics is one of the branches of physics to investigate a fundamental theory to
explain the origin and behavior of elementary particles which compose our universe with no
substructure. The most successful theory is the standard model (SM) which was born in 1970s
and has explained almost all experimental results. However, there are many mysteries which are
not described by the SM: origin of mass of neutrinos, origin of matter-antimatter asymmetry in
the universe, existence of dark matter, dark energy and so on. To answer these questions, there
have been many theoretical and experimental approaches.

Physics of neutrino is one of them. Neutrino is a neutral lepton and one of the fundamen-
tal particles in the SM. In 1998, a property of neutrinos to change their flavor while flying
(neutrino oscillation) was observed through a measurement of atmospheric neutrinos by Super-
Kamiokande collaboration. The observation requires to modify the SM because an existence of
the neutrino oscillation indicates the non zero masses of the neutrinos with a mixing of their
flavor and mass eigenstates. In addition, the observation of neutrino oscillation indicates pos-
sible CP violation in the lepton sector through the flavor mixing. It is possible to explain the
matter-antimatter asymmetry with large CP violation in the lepton sector and leptogenesis sce-
nario, however, the CP violation in the lepton sector is not observed so far. In addition, we have
a question about modeling of the flavor mixing in the lepton sector. In the current understand,
the flavor mixing of the neutrino is explained that the three flavor and three mass eigenstates
are mixed through a 3x3 unitary matrix (PMNS matrix). To validate if this standard three
flavor mixing model is correct or not, consistency checks between theoretical predictions with
the model and experimental measurements are needed through many experiments with several
points of views. However, due to difficulty of the neutrino detection, the enough number of
the consistency checks have not been performed in the lepton sector compared with that in the
quark sector, which has been checked with many measurements of the unitary matrix elements.
At present, the flavor mixing structure in the lepton sector can be measured only through the



measurement of the neutrino oscillation. A precise understanding of the neutrino oscillation is
important to observe the CP violation in the lepton sector for the first time in the world and to
validate the three flavor mixing model.

T2K is a long baseline neutrino oscillation experiment, started from 2009. A muon neutrino
beam produced by J-PARC accelerator is measured by the Super-Kamiokande detector to mea-
sure probabilities of neutrino oscillations. Main purposes of the T2K are the first observation
of CP violation in lepton sector and an investigation of flavor mixing structure. In this thesis,
three analyses are performed to achieve precise neutrino oscillation measurements in the T2K
experiment.

The first analysis is measurements of inclusive charged current muon neutrino cross sections
with water, plastic, iron and their ratios. The purpose of the measurements is to understand
difference of the neutrino-nucleus interactions between the plastic and water target that is one
of systematic uncertainties in the T2K. The analysis is performed with a new water target

detector, water module, one of the T2K near detectors located at on-axis. Main results of
H50
the measurements are O'géo = (0.840f8:8i8(stat.)fgjégl(syst.)) x 10~738¢m? /nucleon and i%cg =

1.0Qng:g%g(stat.)fg:ggg(syst.) for muons whose angle is less than 45 degree and momentum is
more than 0.4 GeV with the mean neutrino energy of 1.5 GeV, as shown in Fig. 1. These are the
best measurement of the neutrino interaction with water target and the first measurement of
the cross section ratio of water and plastic. Because there has been almost no data of the water
target, the uncertainty of the difference of the neutrino interaction with water and plastic have
been assigned based on only prediction with the modeling of the neutrino interaction without
data for the T2K oscillation analysis. This measurement ensures correctness of the uncertainty
with experimental data for the first time in the world and improves reliability of the oscillation
analysis of the T2K.
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Figure 1: Results of cross section measurement (black point) with total uncertainties (black line)
and theoretical predictions by NEUT (solid lines).



The second analysis is a validation of the measurement of the T2K near detector, ND280.
The ND280 measures neutrino flux and interactions and constrains their uncertainties for the
T2K oscillation measurements. However, it is impossible to check if the constraint is correct or
not at the far detector directly because not only the flux and interactions but also the neutrino
oscillations affect the neutrino events at the Super-Kamiokande. In this analysis, observed
neutrino event rates at other near detectors located at on-axis, water module and Proton Module,
are compared with Monte Carlo prediction with the constraint from the ND280. This is the
first trial to cross check the constraint from the near detector based on real data in any long
baseline neutrino experiments. A left plot in Fig. 2 shows the ratio of the measured forward
scattered muons at the on-axis detectors and their Monte Carlo predictions with the constraint
from the ND280. They are statistically consistent with the prediction with a p-value of 0.303.
This ensures the correctness of the constraint from the ND280. On the other hand, the measured
event rates of large angle muons and protons, which are not included in the ND280 measurement,
are not consistent with the prediction as shown in a right plot in Fig. 2 with a p-value of 4x107%.
It indicates the over prediction of the number of emitted protons and gives a significant hint to
improve a modeling of the neutrino interactions.

o 15¢ 3 0 WerrTrr T T T T T T T T T T Ty
% 14 E % 14 & E

13E E 13 E
LIPS 18 12f .

f

1

1
1
Sﬂ_fj
]

,_£_|

=+
¥
,_I_
=
&

0.6 = 0.6 =
05 L L L L L L L 01> e T Y
: 1) w o x w o x ' Waoowowowsxoonuwa Owo wo w x
EY = = 2 = S 8 2T 33202000 @8P®3x3x202a8add
& & G ouwwa o &S G ouwa o &
4 3 3 o4 =03 8 4 3 3 5 F =3
]
< x 35 T x 3
¥ 8 g g 8 J<
& & i a g |
& &
z z
= g

Figure 2: Ratio of the total number of selected events between data and Monte Carlo predictions
with the constraint from the ND280 for each event sample with different number of tracks and
muon kinematics. The left figure shows only the information of forward scattered muons. The
right figure includes the information of large angle scattered muons and protons. S, E and P in
label of the figure mean that the reconstructed track is stopped, escaped and penetrated from
the detector respectively.

The third analysis is a measurement of the neutrino oscillations with doubled statistics com-
pared with the last T2K analysis performed in 2016. The accumulated number of protons used
for the analysis is 1.49x 102! with neutrino beam and 1.12x10%! with anti neutrino beam. Four
types of the neutrino oscillations, v, — v, v, — v, ¥, — VU, and U, — V., are measured
by the Super-Kamiokande. The four oscillations are jointly fitted to extract the parameters
of the unitary matrix in the standard three flavor mixing model (PMNS matrix): dcp, 6o,
Am%2 and 613 as well as mass hierarchy, which is order of neutrino mass eigenstates. The mea-

sured values with 1o uncertainties are dcp = —1.7210-2%([~2.739, —0.6078] with 20 intervals),
sin? fg3 = 0.544700°5 Am32, = 2.450700%5 x 1073eV2 and sin? 2613 = 0.087170092 with the nor-

mal hierarchy assumption and constraint from solar and reactor neutrino experiments. The dcp,
623 and Am3, are measured with the best accuracy in the world as shown in Fig. 3. dcp = 0,
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Figure 3: Contours of the §cp with critical Ax? values of 20 (left) and contours of the Am3,
vs sin? fp3 (right) with constraint from solar and reactor neutrino experiments.

corresponding to CP conservation, is excluded with a significance of 20 for the first time in the
world. Normal hierarchy is more preferred than inverted hierarchy with a Bayes factor of 10.49
with the reactor constraint. These results are consistent with other neutrino oscillation exper-
iments. In addition, a search for v,, — v, oscillation is performed. 7, — 7, oscillation is not
observed so far although it is predicted by the standard oscillation framework. Two hypothesis
are tested in this analysis as shown in Fig. 4. One hypothesis assumes a probability of 7,, — 7, is
zero and the other assumes the probability is the same as the prediction from the PMNS matrix
parameters. P-value of the former (latter) hypothesis is calculated to be 0.219 (0.213) based on
information of only the total number of observed event. With additional information of lepton
kinematics, the p-value of the former (latter) hypothesis is calculated to be 0.233 (0.087). Both
of the hypotheses are not excluded. This analysis is performed with the best sensitivity in the
world
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Figure 4: Results for rate only analysis (left) and rate+shape analysis (right). S = 0 means a
hypothesis assuming a probability of 7,, — 7, is zero and 8 = 1 means the other hypothesis.



