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Muon neutrino and antineutrino disappearance probabilities are identical in the standard three-flavor
neutrino oscillation framework, but CPT violation and nonstandard interactions can violate this symmetry.
In this work we report the measurements of sin’6,; and Am%2 independently for neutrinos and
antineutrinos. The aforementioned symmetry violation would manifest as an inconsistency in the neutrino
and antineutrino oscillation parameters. The analysis discussed here uses a total of 1.97 x 10?! and
1.63 x 10%! protons on target taken with a neutrino and antineutrino beam respectively, and benefits from
improved flux and cross section models, new near-detector samples and more than double the data reducing
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the overall uncertainty of the result. No significant deviation is observed, consistent with the standard

neutrino oscillation picture.

DOI: 10.1103/PhysRevD.108.072011

I. INTRODUCTION

Neutrino oscillations are described by the Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) matrix, U;;, which
relates the neutrino mass eigenstates v; [with masses
m; = (my,my,mz)] to the left-handed neutrino flavor
fields v; (v, vy, v;) [1,2] as v; = ) ; Ujv;. The matrix
U,; is parametrized by three mixing angles 6,,, 6,3, and
0,3, and a CP-violating phase dcp. Two Majorana phases
appear on the diagonal terms in U; if the neutrino is the
same as its antiparticle, but they have no effect on neutrino
oscillations. In this framework, v, and 7, disappearance
probabilities are the same in the absence of matter effects
(which are negligible at T2K energies and baseline, but are
included in their calculation) so a mismatch could indicate
a source of CPT violation (since CPT [P(v, = v,)] =
P(v, — 1,) in vacuum) or a source of nonstandard inter-
actions [3].

The results presented in this paper represent an update to
the previous T2K measurements [4—6]. Like these previous
analyses, we allow the oscillation parameters for v, (63,
Am3,) to vary separately from those of 7, (B3, Am3,),
while all other oscillation parameters are assumed to be the
same for neutrinos and antineutrinos.

This work is organized as follows. First, an overview of
the T2K experimental setup is given in Sec. II. The analysis
method is then described in Sec. III. Finally, the results are
discussed in Sec. IV and conclusions are presented
in Sec. V.

II. T2K EXPERIMENTAL SETUP

T2K is a long-baseline neutrino oscillation experiment
located in Japan [7]. A neutrino beam produced at the Japan
Proton Accelerator Research Complex (J-PARC) is
directed towards Super-Kamiokande (SK) [8,9], a large
water Cherenkov detector.

The neutrino beam is produced by 30 GeV protons
impinging on a graphite target. Interactions in the target
produce hadrons, which are focused using three magnetic
horns [10]. The polarity of the magnetic field produced by
the horns is reversible, allowing for the selection of
positively (negatively) charged hadrons which then decay
into a beam dominated by muon neutrinos (antineutrinos).

A suite of near detectors is situated 280 m downstream of
the beam production target. The stability and direction of
the neutrino beam are monitored using the on-axis near
detector INGRID [11]. INGRID consists of 14 detector
modules arranged in a cross formation, with each module

containing sandwiched layers of iron plates and scintillator
planes [12]. A second near detector, ND280, is positioned
2.5° off-axis from the neutrino beamline. It is used to
measure the unoscillated neutrino flux and neutrino
interaction parameters in order to constrain systematic
errors in the oscillation analysis. ND280 consists of a 7°
detector [13] followed by three time-projection chambers
(TPCs) [14] interleaved with two fine-grained detectors
(FGDs) [15], all surrounded by an electromagnetic calo-
rimeter [16]. ND280 is also magnetized to allow for the
charge identification of particles. The gaps in the magnet
yoke are instrumented by muon range detectors [17].

SK is a 50 kt water Cherenkov detector situated 295 km
downstream of the neutrino production point and is
positioned at the same off-axis angle as ND280. In this
configuration, the beam has a peak energy around 0.6 GeV
that maximizes the effect of neutrino oscillations. It has
optically separated inner detector (ID) and outer detector
(OD) volumes. It uses 11,129 inward-facing 20-inch
photomultiplier tubes (PMTs) to detect Cherenkov radia-
tion from charged particles traversing the detector. To reject
interactions from outside the ID volume, 1885 outward-
facing 8-inch PMTs in the OD are used. SK is able to
discriminate between electrons and muons by their
Cherenkov ring profiles [18].

ITI. ANALYSIS METHOD

The analysis strategy presented here is similar to the one
employed in previous analyses [4-6]. First, we define a
model that predicts the event spectra at both the near and far
detectors. Such predictions are extracted by simulating the
neutrino flux and cross sections, tuned to external experi-
mental data, and the detector response. This model is then
fit to the ND280 data to obtain tuned values and constraints
for the flux systematic uncertainties and a subset of the
cross section systematic uncertainties. The results of the
near-detector analysis are propagated to SK as a multivari-
ate normal distribution described by a covariance matrix
and the best-fit values for each parameter associated to
neutrino flux and cross section systematic uncertainties. At
this point, we perform a fit to SK data to extract the
oscillation parameters. Four significant updates have been
made since the previous analysis. First, the number of
protons on target (POT) collected in neutrino beam mode
was increased from 1.49 x 10%! to 1.97 x 10! by including
T2K data up to February 2020. Second, the flux prediction
was tuned to the z* yields from the surface of a T2K replica
target measured by NA61/SHINE [19]. Third, the modeling
of neutrino interactions on nuclear targets was improved.
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Finally, the selection of antineutrino events at ND280 was
refined and the data set doubled.

A. Flux prediction

The neutrino flux prediction used for this analysis has
been upgraded from a tuning [20,21] based on thin target
measurements [22] to a tuning of charged pion yields [19]
measured by NA61/SHINE using a replica of the T2K
target. The details of the new tuning are described in
Ref. [23], which is also summarized below.

Incoming protons are generated according to beam
profiles measured for each run, and their hadronic inter-
actions inside the 90 cm long graphite target are simulated
with FLUKA version 2011.2x [24,25]. The particles emitted
from the target are then focused by the three magnetic horns
and tracked until they decay into neutrinos in the decay
volume using the GEANT3-based Jnubeam package [21].
Charged pions exiting from the target are tuned using
tuning factors based on replica target measurements, which
depend on the exiting longitudinal position, momentum,
and direction with respect to the target axis. For exiting
particles not covered by the replica target measurements,
such as kaons and protons and any hadronic interactions
outside of the target, cross section, and multiplicity tuning
based on thin target measurements is applied to each
interaction as in previous analyses. The statistical and
systematic uncertainties on the NA61/SHINE measured
yields are then propagated to the flux to estimate the
uncertainty on the hadron interactions. For interactions
unconstrained by external data, uncertainties are assigned
based on comparisons between Monte Carlo (MC) hadron
interaction models. Together with other uncertainties on
proton beam profile parameters and beamline alignment, a
covariance matrix of the flux at the near and far detectors
for each neutrino flavor in the two beam modes is
constructed. This is then used to propagate the neutrino
flux constraint at the near detector to the far detector
prediction.

The new tuning, extrapolated using the NA61/SHINE
20009 replica target data, reduces the relative uncertainty of
the v, flux in v-mode and 7, flux in ¥ -mode from about
9-12% to 5-8% near the flux peak. For the &, component
in »-mode and v, component in v -mode (the so-called
“wrong-sign background”), the uncertainty has a larger
contribution from interactions occurring outside the main
target, resulting in a relative uncertainty of about 6-8%.

B. Neutrino interaction modeling

Neutrino and antineutrino interactions are simulated
using the MC event generator NEUT version 5.4.0 [26].
The main interaction channels in the range of energies
relevant for T2K are: charged-current quasielastic scatter-
ing (CCQE), 2p2h (“two particle, two hole”) interactions,
resonant pion production (RES), and deep inelastic

scattering (DIS). 2p2h interactions occur when neutrinos
interact with correlated pairs of nucleons, ejecting both
from the nucleus. Furthermore, hadrons produced in
neutrino interactions on nuclei can interact with the nuclear
medium, undergoing so-called final state interactions (FSI).
CCQE interactions are simulated according to the
Llewellyn-Smith formalism [27] with a dipole axial form
factor and BBBAO5 vector form factors [28]. In this
analysis, we moved from the relativistic Fermi gas
(RFG) nuclear model to the spectral function (SF) model
described in Ref. [29], with an axial mass MSE =
1.03 GeV tuned to bubble chamber data [30,31]. The
2p2h interactions are simulated according to the
Valencia model described in Ref. [32]. The model for
RES is based on the Rein-Sehgal model [33] for events with
an invariant hadronic mass W < 2 GeV (natural units are
used throughout the paper), with updated nucleon form
factors [34]. The DIS interaction is calculated for events
with invariant hadronic mass W > 1.3 GeV, using GRV98
parton distribution functions [35] with Bodek-Yang cor-
rections [36]. For 1.3 GeV < W <2 GeV, only DIS
interactions that produce more than one pion are simulated
to avoid double counting with the nonresonant single pion
production. For values of W <2 GeV a custom
hadronization [37] is employed, whilst for W > 2 GeV
PYTHIA/JetSet [38] is used. Pion FSIs are simulated using
a semi-classical intranuclear cascade model by Salcedo
and Oset [39,40], tuned to recent z*-nucleus scattering
data [41]. Nucleon FSIs are described in an analogous
cascade model [26]. The Coulomb interaction between the
outgoing charged lepton and the nucleus is implemented
as a nucleus- and lepton- flavor-dependent shift in the
momentum of the outgoing lepton. The size of such
a shift has been determined from an analysis of electron
scattering data to be ~=+5 MeV/c [42]. Every para-
meter relevant to the particular channel described above
has uncertainties associated to it. The parametrization
employed and such uncertainties are often driven by theory,
but additional empirically driven parameters are used since
the first alone cannot describe the available neutrino cross
section data. Important changes compared to the previous
analysis are a new treatment of the removal energy for
CCQE interactions, the freedom to change the CCQE cross
section normalization as a function of the momentum
transferred, and improved FSIs uncertainties.

Contrary to the Fermi-gas models, the SF model does not
have a fixed value for the nuclear binding energy and it can
be varied as a parameter. The removal energy shifts are
encoded in four parameters depending on whether they
affect initial-state protons or neutrons, and if the target is
carbon or oxygen. These parameters shift the outgoing
lepton momentum of a CCQE interaction and depend on
the lepton kinematics, neutrino energy, and flavor.

Recent measurements of the charged-current inter-
actions without mesons in the final state performed by
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MINERvA [43,44] and T2K [45,46] show a clear sup-
pression at low-Q?. In previous T2K analyses that used the
Fermi-gas model [23] this suppression is achieved by
including a nuclear screening effect using the random
phase approximation (RPA) [47]. Since the SF model
employed in this analysis does not include this sup-
pression, five unconstrained parameters that alter the
normalization of the CCQE cross section in the range
0% = {0,0.25} GeV? were included. This range is split
into subranges of 0.05 GeV?. For values of the momentum
transferred larger than 0.25 GeV? three parameters are used
to account for deviation from the dipole model.

Finally, the NEUT pion cascade model has been tuned to
external 7 — A scattering data [48].

C. Near-detector analysis

The near detector complex is used to measure the
properties of the neutrino beam before it oscillates.
These measurements allow for a reduction of the systematic
uncertainties that affect event rates at SK.

An extended likelihood fit as a function of the recon-
structed muon momentum and outgoing angle measured at
ND280 is performed to constrain the (anti)neutrino flux and
cross section modeling. Prior constraints are included as
penalty terms. A total of 18 samples of v, and 7, charged-
current (CC) interactions with vertices in either of the
FGDs are employed in this fit. Their selection is optimized
to maximize the sensitivity of ND280 to different features
of the (anti)neutrino spectra. Event selections are based on
the requirement that the highest-momentum track is com-
patible with the muon hypothesis according to the TPC
particle identification. This track is required to be neg-
atively charged if the selection is performed in v-mode, but
either positively or negatively charged in © -mode to also
identify the relatively large v, background component of
the o -mode. As in the previous analysis [4], in v-mode the
sample of v, CC interactions is further split into three
subsamples according to the pion multiplicity in the final
state; CC events without reconstructed pions (CC-0x), with
one reconstructed positively-charged pion (CC-1z%), and
all remaining CC events (CC-Other). In ¥ -mode, thanks to
the increased statistics, we moved from a selection based on
the track multiplicity to one that matches the selection
adopted in v-mode. Such improvement was possible for
both 7, and v, background components, resulting in six
v -mode samples for each FGD. The main difference is
related to the selection of 7, CC events with one recon-
structed negatively-charged pion. They are identified by
employing the particle identification capabilities of the
TPC and FGD, and tagging the Michel electron produced in
the 7 - u — e decay chain. Since negatively-charged
pions are more likely to be absorbed in the material of
the FGD, if a Michel electron is tagged, the associated pion
in 63% of the cases is positively charged. The detector

response is evaluated using dedicated control samples as
detailed in Ref. [49]. Compared with previous analyses,
pion secondary interactions (SI) are simulated using the
semi-classical cascade model in NEUT, in place of the
model used in previous analyses from GEANT4. The model
was tuned to z*-nucleus scattering data mentioned pre-
viously, which improved the agreement with data, reducing
the systematic error associated with pion SI

Once the likelihood fit is performed, we calculate the
p-value to quantify the ability of the best-fit point to
describe the data, i.e. the probability of observing an
outcome as or more extreme than data according to the
model. It is computed as the fraction of fits for which the
computed > when varying the model is greater than the one
computed for the fit to the data. We define p-values
below 5% as indicating a significant disagreement with
the model. Over 895 variations of our model, we find
a p-value of 74%, much larger than this threshold. The
result of the near-detector analysis is parametrized as a
multivariate Gaussian constraint in the analysis employed
to extract the oscillation parameters (0,3, Am3,) and
(023, An3,).

D. Far-detector event selection

This analysis uses two muonlike event samples at the far
detector; one with the beam in v-mode and one with the
beam in o -mode. This allows for the oscillations of v, and
v, to be measured separately despite the inability of SK to
distinguish negatively charged and positively charged
muons. The wrong-sign background in 7 -mode is con-
strained by the v-mode samples by performing a combined
analysis of the v- and 7 -mode samples.

Charge and timing information from the SK PMTs are
used to reconstruct the vertex position, momentum, and
particle identification (PID) of events inside the detector.
Particles are identified by their Cherenkov ring profiles.
Due to their larger mass, muons are more resilient to
scattering, resulting in clear rings with well-defined
edges. In contrast, electrons scatter more and produce
electromagnetic showers, resulting in rings with diffuse
edges. The reconstruction algorithm [18] also counts
Michel electrons by identifying delayed hit timing
clusters.

The samples used in this analysis, referred to as 1Ry,
select for reconstructed events with one muonlike ring and
no other rings, and 0 or 1 delayed Michel electrons. The
number of predicted (postnear-detector analysis) and
observed events for both 1Ry samples are shown in
Table I. Note that the number of © -mode 1Ry data events
differs from the previous analysis described in Ref. [4] due
to updated data processing at SK, as described in Ref. [23].
The increased exposure reduced the statistical uncertainty
on the number of v-mode 1Ru events by 13%, resulting
in 5.6%.
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TABLE I. Number of predicted events and data events selected
for both 1Ry samples. The predictions are calculated assuming
Am3, =7.53 x 107° eV2, Am3, = 2.509 x 1073 eV?2, sin?0,; =
0.528, sin’;, = 0.307, sin?0,3 = 0.0218, dcp = —1.601, Earth
matter density of 2.6 gcm™, and normal mass ordering.

Sample Prediction Data
v-mode 1Ry 345.3 318
v -mode 1Ry 135.2 137

E. Impact of systematic uncertainties

The systematic uncertainties we include in this analysis
are associated with neutrino beam flux modeling, neutrino
interaction cross section modeling, and detector response.
The first two sources of systematic uncertainties are con-
strained by fitting our model to the ND280 near-detector
data as described in Sec. III C. The systematic uncertainties
constrained by the near detector are included as input
constraints in the far-detector analysis. Table II shows the
contribution to the total relative uncertainty from each
source of the systematic error on the predicted number of
events in each SK sample. Both v- and v -mode are reduced
from 12% to 3% and 4%, respectively thanks to the near-
detector analysis. Some cross section systematics are not
constrained by the near detector. The larger relative error on
the 1Ry v sample is mainly due to the large uncertainty in
low-energy pion-production modeling. The far detector
systematic error (SK det.) includes uncertainties in ring
counting efficiencies, event selection, fiducial volume,
secondary particle interactions, and photonuclear effects.

Compared with the previous analysis, the total system-
atic error was reduced by 45% and 9%, for the 1Ry v-mode
and 7-mode event rates respectively. As expected, this
improvement is driven by the new flux tuning and new
neutrino interaction modeling that are reduced overall by
36% and 21% for the two samples. The total systematic
error must be compared with the statistical uncertainty
which is 5.6% and 8.5%.

TABLE II. Uncertainties on the number of events in each SK
sample broken down by error source after the near-detector
analysis. The first two rows show the uncertainties when flux and
cross section systematics (constrained by the near detector) are
propagated without correlation, whereas the third (Flux 4 Xsec)
has smaller uncertainties due to the anticorrelations in the near-
detector analysis, and corresponds to what is used in the analysis.
“SK det.” includes uncertainties from the SK detector response.

Error source (units: %) 1Ry v-mode 1Ry p-mode
Flux 2.9 2.8
Xsec (ND constrained) 3.1 3.0
Flux 4+ Xsec (ND constrained) 2.1 2.3
SK-only Xsec 0.6 2.5
SK detector 2.1 1.9
Total 3.0 4.0

F. Oscillation analysis

The oscillation probabilities are calculated using a slight
modification of the 3-flavor PMNS oscillation framework.
The v, survival probability, not including the matter effect
for simplicity, is approximately given by

)

- (_> 4 -2 7)
P(v,— v,)=~1-(cos*@;sin"2 € 3

()2
Am 32L
i)
(1)

where the barred parameters correspond to muon anti-
neutrino oscillations. The standard PMNS formalism is
recovered when (sin?6,3, Am3,) = (sin?6,3, Am3,). Note
that the full v, survival probability is employed in the
analysis. In the oscillation analysis, neutrino and antineu-
trino parameters are varied independently and fitted
simultaneously to data by minimizing the combined neg-
ative log-likelihood —InL = >",(N;™P — N9 4 N9 x
In(N9/NFP)) calculated for both muon neutrino and
muon antineutrino samples binned in reconstructed neu-
trino energy and muon scattering angle, where N;" is the
number of predicted events in the ith bin and N9 is the
number of observed events. All systematic uncertainties
and other oscillation parameters, such as sin? 26,5 and 5¢p,
are treated as nuisance parameters and are marginalized
over according to their assigned priors. This marginal
likelihood is used to construct confidence intervals using
the fixed Ay? method [50]. Since the y-like samples are not
sensitive to neutrino mass ordering or sin? 26,5, we assume
normal ordering in this analysis and constrain sin 26,5 by
the Ref. [51] value from reactor experiments. As the
survival probability from Eq. (1) is symmetric in the sign

=) (=)
of 4(cos?6,3sin? @ ,5 — 1/2), the constraints on sin® @ ,3

will be symmetric about 0.5/cos’@;; ~0.511; in the
standard PMNS formalism analysis this symmetry is
broken by the inclusion of v, and 7, samples. A flat prior
is used for 6cp. The robustness of the analysis is assessed by
repeated tests using a variety of simulated data sets with
alternative interaction models. The bias on the parameters
of interest is estimated as well.

(=)
+ sin?26,3sin” @ »3) x sinz(

IV. RESULTS AND DISCUSSION

The reconstructed energy distributions for v-mode and o
-mode 1Ry samples for data taken from January 2010 to
February 2020 (run 1-10) and the best-fit predictions are
shown in Fig. 1. The results of the three-flavor analysis
using both electronlike and muonlike samples as described
in Ref. [23] are also shown for comparison. In both cases,
the prediction and data agree within the statistical uncer-
tainties indicated by the error bars.
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FIG. 1. The reconstructed neutrino energy distributions for
neutrino (top) and antineutrino (bottom) mode 1Ry samples. The
lines show the predicted number of events under two hypotheses:
“Joint v, + v, analysis” uses the best-fit values from a joint
analysis of the PMNS model to electronlike and muonlike
samples [23], “3-flavor v, analysis” (this analysis) uses the
best-fit from the analysis reported here. The error bars indicate the
statistical uncertainties.

The best-fit values obtained for oscillation parameters
describing neutrino oscillations are sin’6,; = 0.4770 )3 and
Am3, = 2487095 % 1073 eV? and those describing anti-
neutrino oscillations are sin’6y; = 0.45750° and Am3, =
2.537019 x 1073 eV?. The best-fit values for both neutrino
and antineutrino oscillations agree within the uncertainties.

Based on the robustness checks, the bias on Am3,
introduced by the limited flexibility of the neutrino inter-
actions model for v-mode (7 -mode) is estimated to be
1.40 (1.55) x 107> eV?, which is accounted for in the
analysis by smearing the Ay? contour with additional
Gaussian uncertainty. As for the analysis in Ref. [23],
the biggest bias was observed using an alternative model

_3
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5 L 1
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sin°0,, (sind,,)

FIG.2. Confidence regions of (sin’6,;, Am%z) for neutrinos and
their barred parameters for antineutrinos. Corresponding regions
from the standard PMNS formalism analysis [23] including v,
samples are also shown for comparison.

for pion secondary interactions. No bias is observed on the
other oscillation parameters. (o2
In Fig. 2 we compare the constraints on sin’ 0 nand Am s,
coming from the three-flavor analysis to muonlike samples
and the joint analysis to both electronlike and muonlike
samples [23]. Since the parameters for v, and 7, are compati-
ble, this analysis does not provide indication of new physics.
The v,-only analysis results are not sensitive to the 6,3 octant
due to the lack of electronlike samples in the analysis.
Figure 3 shows a comparison to the results obtained in
the previous analysis and an intermediate step to show the
contribution of the updated analysis model. The analysis

10~ T2K runs 1-10
Y 3 LU
E 90% CL — A =[PRD 103, L0O11101]]
29 — v, parameters + Best fit — B =A+New int. model
[ -V, parameters x Best fit — C =B+ New data =
. 28| -
N - -
> = ]
Q 27 — —
& F E
E 26 4
< = .
a8 25 -
€ o 7
< 24 F —
23 F -
Py - I A
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sin°0,, (sin%d,,)
FIG. 3. Comparison of the 90% confidence level in (sin’6,;,

Am%z) and their barred counterparts for antineutrinos (dot-dashed
lines) to those obtained in the previous analysis (red line), an
intermediate step showing the contribution of the updated
analysis model (blue line), and the final results of this analysis
including new SK neutrino mode data and updated data process-
ing (green line).
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model is found to change the shape of the antineutrino
parameter contours, whereas the new data at SK improve
the background constraint and move the neutrino param-
eters away from maximal mixing. The new SK data also
move the antineutrino parameters to slightly larger values,
but compatible, of A3, and sin® 6,3, which is also affected
by the updated data processing.

V. CONCLUSIONS

We have presented the results from the muon (anti)
neutrino oscillation analysis to T2K data corresponding to a
total of 3.6 x 10?! POT taken in neutrino and antineutrino
mode. The predictions for each SK sample are based on the
constraints provided by the near-detector analysis. We
conclude that the measurements of the parameters describ-
ing the oscillations of muon neutrinos and antineutrinos are
compatible with the three-flavor prediction and provide no
indication of new physics.

The data related to this work can be found in Ref. [52].
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