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PHYSICAL REVIEW LETTERS 134, 011801 (2025)

Editors' Suggestion

First Joint Oscillation Analysis of Super-Kamiokande Atmospheric
and T2K Accelerator Neutrino Data

K. Abe et al.”

(Super-Kamiokande Collaboration and T2K Collaboration)

® (Received 22 May 2024; revised 15 October 2024; accepted 29 October 2024; published 2 January 2025)

The Super-Kamiokande and T2K Collaborations present a joint measurement of neutrino oscillation
parameters from their atmospheric and beam neutrino data. It uses a common interaction model for events
overlapping in neutrino energy and correlated detector systematic uncertainties between the two datasets,
which are found to be compatible. Using 3244.4 days of atmospheric data and a beam exposure of

19.7(16.3) x 10%° protons on target in (anti)neutrino mode, the analysis finds a 1.9¢ exclusion of CP
conservation (defined as J-p = 0) and a 1.20 exclusion of the inverted mass ordering.

DOI: 10.1103/PhysRevLett.134.011801

Introduction—Following the observation of neutrino
oscillations [1], experiments now aim to fully characterize
the three-flavor mixing paradigm described by the
Pontecorvo-Maki-Nakagawa-Sakata matrix using neutri-
nos from different sources [2—7]. Here, neutrino mixing is
governed by three mixing angles (6,3, 6,3, and 6,,), two
mass splittings (Am3, and Am3,), and one charge parity
(CP) violating phase (5cp). While some oscillation
parameters have been precisely measured [8], others remain
relatively unconstrained. In particular, the CP-violating
phase, the ordering of the neutrino mass states (MO), and
the octant of 0,3 have not been determined experimentally.
The magnitude of CP violation is proportional to the
Jarlskog invariant [9-11], Jp = sin@,;c0s%6;5sinf;,
cos 61, sin 6,3 cos B3 sin dcp.

Experimental setup—The Super-Kamiokande (SK)
experiment [12] measures atmospheric neutrino oscilla-
tions using a large multipurpose water Cherenkov detector
located in the Kamioka mine in Gifu, Japan. The detector
has a 32 kt inner detector optically separated from a 2 m
thick outer detector, which mainly serves as a veto region.
Atmospheric neutrinos, produced by the interaction of
cosmic rays with nuclei in Earth’s atmosphere, include a
mixture of neutrino flavor states, as well as a wide range
of propagation baselines (15~ 13000 km) and neutrino
energies (MeV ~ TeV).
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The Tokai-to-Kamioka (T2K) long-baseline neutrino
experiment [13] measures neutrino oscillations over a
baseline of 295 km using a primarily muon (anti)neutrino
beam produced by the neutrino facility at J-PARC, located
in Ibaraki, Japan. SK is T2K’s far detector (FD) and
measures neutrinos after oscillations 2.5° off of the beam
axis. The beam neutrino flux and neutrino interaction
cross sections are constrained by a suite of near detectors
(T2K ND) situated 280 m downstream of the neutrino
production target.

Motivation for a joint analysis—T2K and SK have
complementary strengths to study neutrino oscillations.
T2K’s off-axis neutrino beam provides a narrow energy
spectrum peaked at 600 MeV and a known direction for
beam-induced events at SK. This enables a precise meas-
urement of the “disappearance” of v, through oscillations,
which manifest as a dip around 600 MeV in the spectra of

(1/) . events observed at SK. T2K precisely measures |Am3, |
and sin?(26,3), which are connected to the peak energy and
the amplitude of this disappearance, respectively. The MO
and the value of sin(écp) both affect the “appearance”
probabilities for neutrinos P(v, — v,) and antineutrinos
P(v, — 1,) asymmetrically. T2K’s ability to change the
beam composition from primarily neutrinos to primarily
antineutrinos gives a powerful way to compare the oscil-
lations of the two, enabling some constraint on d.p and
the MO from the numbers of v, and v, events observed
at the far detector. The similarity of the effects of the MO
and the value of sindcp can, however, seriously degrade
the experiment’s ability to measure these parameters
(Appendix A).

SK’s atmospheric neutrino sample, on the other hand,
provides a comparatively weak constraint on |Am3,| and
sin?(26,3), due to limited information about the incoming
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neutrino direction, and a broader range of neutrino ener-
gies. However, upward-going neutrinos experience large
matter effects, which asymmetrically modify the oscillation
probabilities of neutrinos and antineutrinos, dependent
upon the MO. In particular, 2-10 GeV (anti)neutrinos
experience a resonant enhancement of their appearance
probability if the ordering is normal (inverted). The size of
this enhancement is proportional to sin?(6,3). This provides
sensitivity to both the octant of 6,53 and the MO through an
excess of upward-going v, or 7, events at these energies. In
a combined analysis, this provides a means of breaking the
T2K MO-d.p degeneracy, complementing the MO sensi-

tivity achieved at T2K through its lower-energy (z/)e
appearance events. Additionally, systematic uncertainties
at SK are better constrained in a joint fit than in the
individual experiments: the beam and atmospheric samples
at SK share numerous detector uncertainties and both can
receive neutrino interaction uncertainty constraints from
the T2K ND.

Analysis strategy—The analysis described here is based
on previous analyses from the two experiments [3,14],
modified to produce a coherent joint analysis. Neutrino
oscillation parameters are measured by comparing predic-
tions for the rates and spectra of the atmospheric and beam
neutrinos to observations performed at SK. The predictions
are made using a model of the two experiments, covering
neutrino fluxes, interactions, and detector response, with
associated uncertainties. This model is built unifying
aspects of the two experiments’ analyses where appropri-
ate, and using each individual experiment’s approach
otherwise.

Because of similarities in the neutrino energy spectra and
event selections, T2K and low energy atmospheric events
are described by a common neutrino interaction model.
Largely independent interaction systematic uncertainties
are used for higher energy atmospheric events as measure-
ments from the T2K ND are not always applicable to these
events, though the base interaction model is the same for all
events. The neutrino flux models for the experiments
[3,15,16] are mostly independent, with the only common
source of systematic uncertainty coming from hadron
production in proton collisions. Hadron production is tuned
using different, independent measurements in the two
models: the SK atmospheric flux model uses atmospheric
muon measurements [17,18], whereas T2K’s model uses
measurements by the NA61/SHINE experiment [19]. The
neutrino events of the two experiments are observed in the
same detector, and the correlated effects of detector
systematic uncertainties on SK and T2K event samples
were evaluated for the joint analysis.

Event selection—This analysis uses a total of 18 SK
atmospheric and 5 T2K event samples, constructed as
described in Refs. [14,20]. The event selections are based
primarily on the number of reconstructed Cherenkov rings,
the type of those rings, and the number of delayed Michel

electron candidates. The ring types are either showering
(e-like) or nonshowering (u-like) and are the basis of the

separation between <u)e and (1/) , events. The T2K selections
target events with little activity in the SK outer detector, so-
called fully contained (FC) events, with a single Cherenkov
ring. This topology primarily selects charged-current
quasielastic- (CCQE) like events. However, in neutrino
running mode, an additional sample probes v, events
containing a below-Cherenkov-threshold z* by requiring
exactly one e-like ring and one Michel electron.
Atmospheric neutrinos span a much wider range of
energies, and the atmospheric FC sample is divided into
sub- and multi-GeV categories based on the deposited
visible energy in the detector. The SK analysis additionally
includes events with significant energy deposition in the
outer detector. The T2K beam samples and FC single-ring
sub-GeV atmospheric samples in SK have a large kinematic
overlap, but differ slightly in their respective event selec-
tions. The selections remain unchanged relative to the
publications above. One additional selection criterion,
however, is applied to all SK FC and T2K samples to
remove neutron contamination from the Michel candidates
for each event. This cut changes the event rates by O(1%).

Interaction model—Neutrino interactions are simulated
with the NEUT generator v5.4.0 [21] using the same
configuration as T2K’s analysis [3]. The common “low-
energy” uncertainty model used for the T2K and atmos-
pheric SK FC sub-GeV samples is based on T2K’s model,
with two additions to cover important uncertainties for the
atmospheric samples. Additional normalization uncertain-
ties on the neutral-current single 7° model are introduced
motivated by studies of MiniBooNE data [22,23]. These
uncertainties separately scale the resonant and coherent
components. A supplementary uncertainty on the CCQE
cross section ratio o, / oy, is added based on the difference

of this ratio between the spectral function model [24] used
in this analysis and new calculations using the Hartree-
Fock model with continuum random phase approximation
[25,26]. This uncertainty changes the number of events in
the e-like atmospheric sub-GeV sample targeting events
without pions in the final state (CCOx) by 2.2% and is the
interaction uncertainty with the largest impact on the
atmospheric sample contribution to the d-p measurement.

The ability of the low-energy model to describe the
atmospheric sub-GeV samples is evaluated by comparing
its predictions to the observed down-going data. Those
events are mostly unaffected by oscillations and can
therefore be used to test the model without biasing the
oscillation measurement. Good agreement with data is
found for the samples targeting CCOz events when using
the T2K ND constraint, while a small data excess is seen
without it. For the samples targeting charged-current single
charged pion (CClxzt) events, a significant data excess is
seen: 225 events are observed in the e-like sample for
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160.0 + 12.6(stat) £ 14.3(syst) predicted using the T2K
ND constraint and 84 events are observed in the pu-like
sample for 52.0 & 7.2(stat) + 5.3(syst) predicted. The T2K
ND constraint reduces prediction in these samples by
~20% compared to the nominal prediction. The excess
is localized at low lepton momentum in the e-like sample
and uniformly distributed in the u-like sample. An excess is
also seen at low momentum in the corresponding e-like
beam sample, but is not significant due to the low statistics
of this sample. As a result of the observed excesses, an
interaction model uncertainty is added to change the shape
of the pion three-momentum spectrum for charged-current
resonant interactions by modifying the Adler angle [27]
distribution, based on theoretically motivated [28,29] and
empirical modifications. A reconstruction uncertainty is
also added, as detailed in the next section.

The model for the remaining SK samples (“high-energy
model”) is based on that used in the SK analysis, with its pion
secondary interaction and CCQE parts shared with the low-
energy model. However, two high Q? (four-momentum
transfer) CCQE normalization parameters are left uncorre-
lated with the low-energy model due to limited phase space
overlap. The high-energy model for pion final-state inter-
actions is tuned to external data [30], as is done by T2K.
Because of little overlap between the phase spaces of the
near-detector and non-sub-GeV atmospheric samples, data
from T2K’s NDs are used to constrain interaction uncer-
tainties in the low-energy model and the correlated part of the
high-energy model, excluding newly added uncertainties and
other parts of the high-energy model.

Detector model—Many of the detector uncertainties in
the SK and T2K analyses are estimated from comparisons
between atmospheric data and simulation. For these,
correlated uncertainties are constructed by simultaneously
evaluating the effects of detector parameter variations on
the event rate in both the SK and T2K samples.
Correlations between the reconstructed momentum scale
uncertainties of the two experiments are found to have an
impact on the Am3, constraint obtained in the data fit.
Other detector uncertainties from the reference analyses
that are relevant for only one of the experiments are applied
to the corresponding samples here. An additional system-
atic uncertainty is introduced for the sub-GeV samples
targeting CClz™ events. It allows single-ring, single
Michel electron events with low lepton momentum to
migrate between the v, -like and v,-like samples. The size
of this uncertainty covers the excess in data observed for
the down-going CClz™" v, -like events at low momentum.

Oscillation analysis—Two Bayesian and two frequentist
analyses were constructed (Appendix C). When two of
those frameworks return different results for a given
measurement, the more conservative option is reported.
For atmospheric oscillation probability calculations, path-
dependent density averaging of matter effects based on a
four-layer approximation of the preliminary reference Earth

TABLE I. Octant and MO posterior probabilities using either
the full dataset or samples from only one experiment and
assuming equal prior probabilities. Values obtained by the second
analysis are shown in parentheses.

SK only T2K only SK + T2K

Upper octant 0.318 (0.337) 0.785 (0.761) 0.611 (0.639)
Normal ordering 0.654 (0.633) 0.832 (0.822) 0.900 (0.887)

model [31] is used and fast atmospheric oscillations at low
energy are smeared. The path dependence yields more
precise oscillation probabilities than the conventional
approximation assuming layers of constant density.
Reactor experiment measurements of 6,3 using r, disap-
pearance, sin?26,; = 0.0853 £ 0.0027 [4,5,8,32,33], are
used as an external constraint.

Robustness studies—Simulated datasets [3], generated
using alternative models and fit using the nominal model,
are used to measure how p values and oscillation parameter
constraints would be affected if the assumed model is
incomplete (Appendix D). Fourteen simulated datasets are
considered, corresponding to alternative neutrino interac-
tion models and data-driven effects at both T2K ND and
SK. These studies are used to estimate, for example, how
the observed atmospheric down-going CClz™ data excess
could bias the results if it originated from an unknown
systematic effect. Some of the simulated datasets produce a
visible shift in the preferred values for Am3,. The uncer-
tainty on Am3, is therefore inflated by 3.6 x 107> eV?/c*
to account for these effects.

Dataset—The atmospheric dataset is slightly increased
compared to Ref. [14] to include the full Super-
Kamiokande IV period (2008-2018), corresponding to a
total live time of 3244.4 days. The same T2K dataset as
Ref. [3] is used, corresponding to exposures of 19.7 x 10%°

3 DR g \ T p=
y —SK+T2K A
o) - T2K s
C SK(+ND) 1
3 — 1o E
1: 20 ]
& o -
«© N ]
-1 & =
-2 E
| S A i LU R T
035 040 045 050 055 060 0.65 0.70 0.75
sin2623
FIG. 1. The (sin? 6,3, 6cp) credible regions obtained with the

SK, T2K, and combined datasets. The MO is marginalized over
and a prior uniform in §cp is used.
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FIG. 2. Posterior density for the Jarlskog invariant with
credible intervals overlaid, marginalized over both MOs,
and assuming a uniform prior in either §cp or sindcp. The left
edges of the intervals are close to each other in the region
—0.033 < Jp £ —0.035.

and 16.3 x 10?° protons on target in neutrino and anti-
neutrino modes, respectively.

Bayesian results—The Bayesian analyses assume uni-
form priors on S¢p Or sin S¢p, sin? Oy3, Am3,, and the MO.
They find a preference for the normal ordering and a weak
preference for the upper octant (Table I). SK and T2K data
prefer different octants, which leads the joint analysis to
have a weaker octant constraint than the individual experi-
ments and a stronger preference for maximal mixing. Both
experiments favor similar values of the CP-violating phase
(Fig. 1). The exclusion of CP-conserving values of J.p
(Fig. 2) and 6.p is reported as the largest fraction of the
posterior density for which that value is not included in
either of the two Bayesian analyses’ highest posterior
density credible intervals (Table II).

Frequentist results—The frequentist significance of the
CP and MO results is evaluated using ensembles of
pseudoexperiments. Estimating the significance of CP
conservation (CPC) based on the presence or absence of
both 0 and 7 in the §-p confidence intervals was found to
have significant overcoverage. Instead, the log-likelihood
ratio between assuming CPC (sin 6-p = 0, here equivalent

TABLEII. Largest credible interval from the Bayesian analyses
not containing different CP-conserving values of J-p and Jcp.
Values in parentheses indicate how these could change due to
possible biases seen in robustness studies.

Prior uniform in

Value tested Scp sin(S5¢p)

Jep =0 2.30 (2.20) 2.00 (1.90)
ocp =0 2.60 (2.50) 2.36 (2.20)
Sep =7 2.16 (1.96) 1.66 (1.40)

—— Data=-3.39
[ True NO

[ True IO B
p(NO)=0.58
p(10)=0.08

= =
o o
L 1

Fraction of pseudo datasets
=
|

-4 . . .
10 -20 -10 0 10 20

X*(NO) — x*(10)

FIG. 3. Distribution of the MO test statistic under true normal
(NO) and inverted (IO) ordering hypotheses. The filled areas to
the left (right) of the data result indicate the p values for the
inverted (normal) hypotheses.

to Jop = 0) and without any assumption is used as a test
statistic. For the neutrino MO, the log-likelihood ratio
between normal and inverted ordering is used (Fig. 3).

The obtained p values are summarized in Table III. CPC
is disfavored with a lower p value (p = 0.037) than when
using only the T2K data (p = 0.047). Good agreement
(p = 0.75) is found with an ensemble that allows for CP
violation by assuming posterior-distributed d.p values. The
inverted ordering is disfavored, while good agreement with
the normal ordering hypothesis is found, resulting in a CL;
parameter [34] for the inverted ordering of 0.18. The best-
fit values and 68.3% confidence intervals obtained using
the Feldman-Cousins method [35], where necessary, are
Scp = —1.761033, sin® 03 = 0.4681019, where MO was
treated as a nuisance parameter, and Am3, (|Am3|) =
2.52070038(2.48070:0%32) x 1073 eV? for normal (inverted)
ordering.

Goodness of fit—The Bayesian analyses find good
posterior predictive p values [36] using both the event
spectra (p = 0.24) and total event counts (p = 0.19). The
p values for the individual T2K samples agree with the
reference T2K analysis [3] up to small differences coming
predominantly from model changes. The frequentist p
values [37] additionally show consistency between the
values of the systematic parameters favored by the T2K ND
and atmospheric data (p = 0.19), as well as between the
atmospheric and beam samples (p = 0.24).

Discussion—The SK and T2K datasets favor similar
values for the CP phase, close to maximal CP violation,
and both show a preference for the normal MO. As a result,
the combined analysis finds increased preferences for CP
nonconservation and the normal ordering. When looking
directly at the exclusion of CPC through the presence of
Jcp = 0 in credible intervals or frequentist p values, an
exclusion at the 20 level is found. However, the signifi-
cance can fall below 2¢ due to potential weaknesses of the
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TABLE III. Frequentist p values for different CP and MO
hypotheses. The most conservative of the two values obtained by
the frequentist analyses is given. “p studies” corresponds to the
value up to which each p value could increase due to biases seen
in robustness studies.

Hypothesis p value p studies
CP conservation 0.037 0.050
Inverted ordering 0.079 0.080
Normal ordering 0.58

uncertainty model tested using simulated datasets. The
alternative model assuming that the down-going CClz™-
like data excess is completely due to an unknown system-
atic effect and the alternative nuclear model for CCQE
interactions [38] have the largest impact. The p value
obtained for the inverted ordering is significantly larger
than the one obtained in the reference atmospheric analysis
(p = 0.033) [14], despite the addition of the T2K samples
that also favor the normal ordering. This was found to come
mostly from the different values of sin” 8,5 favored by the
two analyses (Appendix E).

The constraint from the T2K ND has a small effect on the
measurement of o-p and the MO using atmospheric
samples. The most important systematic uncertainties for
this Ocp measurement are related to the atmospheric
neutrino flux below 1 GeV, the o,/ 0y, Cross section ratio,

and the particle identification for single-ring events, which
cannot be directly constrained using the T2K ND. For the
MO, most of the atmospheric neutrino sensitivity comes
from the high-energy samples where this constraint is not
used for most interaction modes. Accordingly, the MO
sensitivity benefits mainly from the stronger sin’ 6,5 con-
straint provided by T2K data.

Conclusion—The SK and T2K Collaborations have
produced a first joint analysis of their data. Common
neutrino interaction and detector models have been devel-
oped for events from the two experiments with overlapping
energies and are found to properly describe both datasets.
The results show an exclusion of the CP-conserving value
of the Jarlskog invariant with a significance between 1.9¢
and 2.00, a limited preference for the normal ordering with
a 1.2¢0 exclusion of the inverted ordering [39], and no
strong preference for the 6,5 octant. This first joint analysis
is an important step toward the combined beam and
atmospheric data analyses planned by next-generation
neutrino oscillation experiments.
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End Matter

Appendix A: Scp—MO degeneracy and the ability to
reject CP conservation—The impact of the d-p—MO
degeneracy on rejecting CP conservation is illustrated in
Fig. 4 assuming normal ordering. T2K can reject the
CP-conserving hypothesis if sind-p < 0, which aligns
with current measurements from T2K. However, if
dcp ~m/2 and the mass ordering is normal—as weakly
favored by NOvA data [241]—T2K is largely
insensitive to dcp due to the J-p—MO degeneracy,
demonstrated in Fig. 18 of Ref. [3]. The degeneracy is
resolved by SK’s MO constraint being decoupled from
its 6cp measurement in the joint analysis. This results in
a dramatic improvement in the joint analysis sensitivity
compared to each experiments’ individual sensitivities. If
the mass ordering is inverted, the loss of ability to reject
CP conservation by T2K alone happens instead for
dcp ~ —n/2, and the joint analysis significantly improves
sensitivity in this region for the same reason. These
features were also confirmed by studying the statistical

4.5 L L IR
4 — SK +T2K

3 — T2K

[«

3 SK (+ND)

Ay(sin 8gp
)

True &, NO
FIG. 4. Sensitivity to reject the CP-conserving hypothesis
for different true values of §cp assuming the normal MO.
Other oscillation parameters are set to sin’6@; = 0.528,
sin? ;3 = 0.0218, and Am3, = 2.509 x 1073 eV2.

power to reject CPC using ensembles of pseudo
datasets.

Appendix B: Resonant and deep inelastic interaction
uncertainty model—In this analysis, the uncertainty
model for resonant and deep inelastic interactions for the
low-energy samples is based on the T2K model, while
the model for the high-energy samples is based on the
SK model. These two uncertainty models have many
similarities. For resonant interactions, both use
uncertainties on the axial mass, the axial form factor at
0> =0 and the normalization of the nonresonant
isospin-1/2 component and have similar implementa-
tions. The reference T2K and SK analyses use different
prior uncertainties for these parameters. For the joint
analysis presented here, prior uncertainties from the
reference T2K analysis [3] are used for all samples,
which gives increased uncertainties compared to the SK
reference analysis. Further, the T2K analysis includes an
uncertainty on the normalization of the nonresonant
background at low pion momenta for antineutrinos,
while the SK analysis has additional uncertainties on the
v/v and 1x2°/1x% cross section ratios for resonant
interactions. The latter are based on comparisons
between the predictions of the nominal Rein-Sehgal
model [28] and those of the model by Hernindez
et al. [42].

For deep inelastic (DIS) interactions, the T2K and SK
uncertainty models also have similarities, as the T2K model
is based on an older version of the SK one. Both models
include uncertainties on the Bodek-Yang model [43]. For
the low invariant mass (W <2 GeV/c?) region, this
uncertainty is separated into uncertainties on the axial
and vector parts and an extra normalization on the structure
function from Ref. [44] in the SK analysis. In the T2K
analysis, a simple comparison between models with and
without the Bodek-Yang corrections in this region is used.
Both models include uncertainties on the number of
hadrons produced in DIS interactions for the low W region
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and use similar implementations. The SK analysis includes
an additional normalization uncertainty based on compar-
isons between the predictions of the Bodek-Yang model
and an alternative model [45].

Appendix C: Technical details on the four oscillation
analyses—The analysis leverages results from four
different frameworks: two using Bayesian (BAl, BA2)
and two using frequentist (FA1, FA2) statistics. BA1 and
BA2 are based on T2K analyses and FA1 is a modified
version of BA1 optimized to make frequentist analyses
computationally tractable. The second frequentist analysis
is based on the SK analysis and acted also as a validation
of the implementation of the SK experiment in the
T2K-based frameworks. Similarly, the implementation
of the T2K experiment in FA2 was validated using
comparisons to the T2K-based analyses. The four frame-
works made different, valid choices for treating
systematic uncertainties, calculating oscillation prob-
abilities in matter, binning observables, and implementing
statistical methodology. Analysis conclusions were
largely invariant to these choices.

Both BA1 and BA2 use Markov chain Monte Carlo
methods to evaluate the marginal likelihoods for the param-
eters of interest. On the other hand, FA1 and FA2 compute
the profile likelihood on a fixed grid of the oscillation
parameters of interest. All analyses utilize a binned negative
log-likelihood test statistic, assuming Poisson-distributed
statistics and Gaussian penalties when systematic parameters
vary away from their nominal values.

In T2K’s analyses, external data and the NDs are used to
constrain the majority of systematic uncertainties improv-
ing the FD samples’ sensitivity to neutrino oscillation
parameters. BA2 performs a simultaneous fit of the T2K
ND, T2K FD, and SK atmospheric data, while the other
analyses use a covariance matrix to encode the ND
constraint. The covariance matrix approach assumes a
Gaussian probability density for the systematic uncertain-
ties, whereas the direct implementation of the NDs in BA2
avoids this [3]. The large number of samples and systematic
parameters in the joint analysis makes fits of ensembles of
pseudo datasets computationally challenging. FA1 there-
fore assumes linearized response functions for the system-
atic parameters to be able to use a faster minimization
method. BA1, FA1, and FA2 assume the energy scale for
atmospheric and beam events as completely correlated,
while BA2 considers them uncorrelated.

The T2K samples are binned in combinations of recon-
structed lepton momentum p,,, angle with respect to the
beam 6, and neutrino energy E; [3]. For the e-like
samples, BA1, FA1, and FA2 use (piep. Oiep). While BA2
uses (E;, Oyp). For the p-like samples, BA1 and FA2 use
(E}*,6\p), and BA2 and FA1 only use Ej* information to
decrease computational overhead, with a slight loss in
sensitivity to Am%z. For the SK samples, all analyses use

the sample definitions and binning in visible energy and
zenith angle from the reference analysis [14]. Fast oscil-
lations at low energy in the atmospheric samples are
smeared by semianalytic averaging in BA1l and FAl,
binned down-sampling in BA2, and binned neighbor
smearing in FA2. Both FA1 and FA2 place §¢p, sin’ 6,3,
Am3,, and the mass ordering on a fixed grid while fitting
nuisance parameters, while the Bayesian frameworks
calculate the oscillation probability on the fly.

Appendix D: Simulated data studies—The ‘“‘simulated
data study” method is used in T2K to test the robustness
of the analysis’ results with respect to systematic effects
not explicitly implemented in the uncertainty model. The
T2K approach to oscillation analysis uses an uncertainty
model that is constrained using data observed at the
NDs. However, if an important systematic effect is not
part of the systematic parameters used in the T2K ND
analysis, the fit could nevertheless find a combination of
parameters that makes predictions agree with data. In
such a case, the extrapolation of the tuned model to the
far detector could yield incorrect predictions due to the
difference of detector acceptance and neutrino fluxes
(from oscillations), which could then bias the measure-
ments of neutrino oscillations.

There are currently no neutrino interaction models that
can describe all available neutrino scattering data simulta-
neously. A number of models exist that perform equally
well when compared to these data but differ in their
mapping of the neutrino energy, which is relevant for
oscillations, to the observables in the detectors. These
models do not necessarily cover all possible unknown
effects, and the analysis needs to be robust to a whole range
of possible model variations. In the main analysis, one
baseline model is chosen and extended to allow systematic
variations. When another model is not explicitly used in the
construction of the uncertainty model, it can be used as an
example of a plausible deviation from the baseline model to
test for potential weaknesses of the systematic uncertainty
model. In addition, ad hoc alternative models can be
created to test the effect of variations in other parts of
the model. In practice, datasets are created at the near and
far detectors using an alternative model, but then fitted
assuming the nominal model. Oscillation parameter mea-
surements are then compared to the ones obtained from
fitting a dataset based on the nominal model to estimate the
possible bias from the effect tested. More detailed explan-
ations of the procedure can be found in Refs. [3,46].

Fourteen such simulated data studies were performed for
the analysis described in this Letter. Most of the alternative
models considered are related to neutrino interactions,
being either alternative models for a given type of inter-
action, alternative nuclear models, or data-driven effects.
The first group of alternative models tested corresponds to
those that had the most impact in the reference T2K
analysis [3]. They correspond to alternative models for
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2p2h interactions [47] and the axial form factor for CCQE
interactions (using a three component extension of
Ref. [48]), a change in the value of the binding energy
for CCQE interactions and data-driven effects from the
differences between predictions and data at the T2K ND.
Alternative nuclear models [38,49] used in simulated data
studies in more recent versions of the T2K analysis are also
considered, as well as additional effects deemed relevant
for the combined analysis, specifically alternative models
for hadron production in DIS interactions [50] and energy
dependence of the CCQE cross section ratio o, / Oy,

Finally, the procedure is used to check whether the data
excess observed in the atmospheric down-going CClz*
samples could significantly affect the results if it was due to
an unknown deficiency of the model.

Appendix E: Generation of pseudo datasets for
frequentist results—Ensembles of pseudo datasets are
constructed to evaluate the frequentist significance of the
CP and MO results, taking into account statistical
fluctuations and randomizing the values of nuisance
oscillation and systematic parameters according to their
posterior [51] and prior probability distributions,
respectively. Even after profiling or marginalizing over
these parameters, the distributions of the obtained test
statistics retain some dependence on the parameter

values assumed in generating the datasets. The
distribution of the MO test statistic, in particular,
depends on the assumed values of sin? #,; (from SK and
T2K samples) and 6-p (from T2K samples). For SK
samples, the dependence arises because the magnitude of
the MO-sensitive matter resonance is proportional to
sin®@,5. For the T2K samples, the almost identical
impact of changes in the MO and shifts in sindcp on
v,/U, appearance probabilities gives rise to a strong
dependence on the assumed value of dcp.

In the joint fit, the dependence on dp is reduced by the
independent MO constraint from the atmospheric samples.
A subleading dependence on sin? #,5 also exists in T2K,
since its symmetric impact on the v,/D, appearance
probability is not easy to distinguish from the antisym-
metric impact of MO due to limited 7, statistics. For the
joint fit, the p value for the inverted ordering varies
between 0.05 and 0.08 when assuming different true values
for sin? #,3 and 8.p over the range of their 90% confidence
intervals. This dependence causes a noticeable change in
the strength of the MO constraint from the atmospheric
samples compared to the baseline SK analysis [14]: since
the T2K samples pull sin? #,5 toward the upper octant, the
SK constraint on the MO becomes weaker and comparable
to that from T2K.
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