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The Super-Kamiokande and T2K experiments present a combined analysis of their beam and185

atmospheric neutrino data. This analysis uses a common interaction model for events overlapping186

in neutrino energy and treats detector systematic uncertainties as correlated between the two data187

sets. The data from the two experiments are found to be compatible, and using a beam exposure of188

19.7(16.3)⇥1020 protons on target in (anti-)neutrino mode and 3244.4 days of atmospheric neutrino189

data, the analysis prefers the normal neutrino mass ordering and non-conservation of CP symmetry.190

Introduction—Following the observation of neutrino191

oscillations [1], experiments now aim to fully charac-192

terize the three-flavor mixing paradigm described by193

the Pontecorvo–Maki–Nakagawa–Sakata (PMNS) ma-194

trix. Here, neutrino mixing is governed by three mix-195

ing angles (✓13, ✓23, and ✓12), two mass splittings196

(�m2
32 and �m2

21), and one Charge Parity (CP) vio-197

lating phase (�CP). While some oscillation parameters198

have been precisely measured [2], others remain rela-199

tively unconstrained. In particular, the CP-violating200

phase, the ordering of the neutrino mass states (MO),201

and the octant of ✓23 have not been determined ex-202

perimentally. The magnitude of CP violation, which203

can be determined by the Jarlskog invariant [3, 4],204

JCP = sin ✓13 cos2 ✓13 sin ✓12 cos ✓12 sin ✓23 cos ✓23 sin �CP ,205

also remains unknown.206

Experimental setup—The Super-Kamiokande (SK) ex-207

periment [5] measures atmospheric neutrino oscillations208

using a large multi-purpose water Cerenkov detector lo-209

cated in the Kamioka mine in Gifu, Japan. The detec-210

tor has a 32 kiloton inner detector optically separated211

from a 2 meter thick outer detector, which mainly serves212

⇤
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as a veto region. Detected atmospheric neutrinos, pro-213

duced by the interaction of cosmic rays with nuclei in the214

Earth’s atmosphere, include a mixture of neutrino flavor215

states, as well as a wide range of propagation baselines216

(15-13000km) and neutrino energies (MeV⇠TeV).217

The Tokai-to-Kamioka (T2K) long-baseline neutrino218

experiment [6] measures neutrino oscillations over a base-219

line of 295 km using a primarily muon-(anti-)neutrino220

beam produced by the neutrino facility at J-PARC, lo-221

cated in Ibaraki, Japan. SK is T2K’s far detector, lo-222

cated 2.5� o↵-axis, and measures neutrinos after oscilla-223

tions. The beam neutrino flux and neutrino interaction224

cross sections are constrained by a suite of near detectors225

(T2K ND) situated 280 m downstream of the neutrino226

production target.227

Motivation for a joint analysis—T2K’s o↵-axis neu-228

trino beam provides a narrow energy spectrum peaked at229

600 MeV and a known direction for beam-induced events230

at SK, enabling a precise determination of sin2(2✓23) and231

|�m2
32| using the “disappearance” channels ((⌫ )

µ !
(⌫ )

µ),232

and some constraint on the CP-violating phase and the233

MO via the lower statistics “appearance” channels ((⌫ )
µ !234

(⌫ )
e). The beam composition can be changed from pri-235

marily neutrinos to primarily anti-neutrinos by switch-236

ing the polarity of electromagnetic focusing horns, pro-237

viding the ability to compare neutrino and antineutrino238

oscillations. Its 295 km baseline probes the first atmo-239

spheric oscillation maximum at L/E ⇠ 490 km/GeV, but240

measurements are not significantly impacted by matter241

e↵ects. This results in parameter degeneracies, notably242

between the lower and upper octants of ✓23, and between243

the MO and �CP. SK’s atmospheric neutrino sample,244

on the other hand, provides a comparatively weak con-245

straint on the atmospheric mixing parameters, due to246

limited information about the incoming neutrino direc-247

tion, and a broader range of neutrino energies. However,248

upward-going neutrinos experience large matter e↵ects,249

producing asymmetric oscillations between neutrinos and250
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antineutrinos and providing sensitivity to both the oc-251

tant of ✓23 and the MO through the appearance channel252

at 2⇠10 GeV. Atmospheric neutrinos provide a means253

of breaking the MO-�CP degeneracy, complementing the254

MO sensitivity achieved at T2K through its lower energy255

(⌫ )
e appearance events. Additionally, common systematic256

uncertainties at SK can be better constrained in a joint257

fit than in the individual experiments, due to the addi-258

tion of the T2K ND to the SK analysis and the large259

statistics atmospheric sample to the T2K analysis.260

Analysis strategy—The analysis described here is261

based on previous analyses from the two experiments262

[7, 8], modified to produce a coherent joint analysis. Neu-263

trino oscillation parameters are measured by comparing264

predictions for the rates and spectra of the beam and at-265

mospheric neutrinos to observations performed at SK and266

making statistical inferences, following both frequentist267

and Bayesian approaches. The predictions are made us-268

ing a model of the two experiments, covering fluxes, neu-269

trino interactions, and detector response, with associated270

uncertainties. This model is built by unifying aspects of271

the two experiments’ analyses when relevant, and using272

each individual experiment’s approach otherwise.273

Due to the similarities in neutrino energy spectra and274

event selections, T2K and low energy atmospheric events275

are described by a common neutrino interaction model.276

The remaining SK atmospheric events correspond to neu-277

trinos of higher energies, for which the constraint on278

interaction uncertainties coming from the lower energy279

neutrino measurements at the T2K ND is not always280

directly applicable. As a result, for these samples, the281

same base interaction model is used for the initial simu-282

lation, but largely independent parameters are used for283

interaction systematic uncertainties. The neutrino flux284

models of the two experiments [7, 9, 10] are largely in-285

dependent, with the only common source of systematic286

uncertainty coming from hadron production in proton287

collisions. Hadron production is tuned using di↵erent288

measurements in the two models: the SK atmospheric289

flux model uses atmospheric muon measurements [11, 12],290

whereas T2K’s flux model uses measurements by the291

NA61/SHINE experiment [13]. The resulting uncertain-292

ties on flux predictions come from the uncertainties on293

those measurements and tuning procedures, and are con-294

sidered to be independent between the two flux models.295

The neutrino events of the two experiments are observed296

in the same detector, and the correlated e↵ects of detec-297

tor systematic uncertainties on SK and T2K event sam-298

ples were newly evaluated for the joint analysis.299

Event selection—This analysis uses a total of 18 SK300

atmospheric and five T2K event samples, constructed301

as described in Refs. [8] and [14]. The event selec-302

tions are based primarily on the number of reconstructed303

Cherenkov rings, the type of those rings, and the number304

of delayed Michel electron candidates. The ring types305

are either showering (e-like) or non-showering (µ-like)306

and are the basis of the separation between ⌫e and ⌫µ307

events. The T2K event selection targets events with lit-308

tle activity in the SK outer detector, so-called fully con-309

tained (FC) events, with a single Cherenkov ring. This310

topology primarily selects charged current quasi-elastic311

(CCQE)-like events, although in neutrino running mode312

an additional sample probes ⌫e events containing a below-313

Cherenkov-threshold ⇡+ by requiring exactly one e-like314

ring and one Michel electron. Atmospheric neutrinos315

span a much wider range of energies, and, in the SK anal-316

ysis, the FC sample is divided into sub- and multi-GeV317

categories based on the deposited visible energy in the318

detector. The SK analysis additionally includes events319

with significant energy deposition in the outer detector.320

Although there is a large kinematic overlap between the321

T2K beam samples and the FC single-ring sub-GeV at-322

mospheric neutrino samples in SK, their respective event323

selections di↵er slightly. The selections remain the same324

as in the publications above with one exception: an ad-325

ditional cut is applied to both the SK FC and T2K sam-326

ples to remove neutron contamination from the Michel327

candidates for each event. Both the SK and T2K event328

samples change by O(1%) with the addition of this cut329

in both data and simulation.330

Interaction model—Neutrino interactions are simu-331

lated with the NEUT generator 5.4.0 [15] using the same332

set of models as the T2K analysis described in Ref. [7].333

The common “low-energy” uncertainty model used for334

the T2K and atmospheric SK FC sub-GeV samples is335

based on T2K’s model, with additions to cover impor-336

tant uncertainties for the SK atmospheric analysis. Ad-337

ditional normalization uncertainties on the neutral cur-338

rent single ⇡0 model are introduced, which scale the res-339

onant and coherent contributions separately, motivated340

by studies of MiniBooNE data [16, 17]. Given the greater341

importance of the uncertainty on the di↵erence of cross-342

sections between ⌫e and ⌫µ for the atmospheric analysis,343

another uncertainty is added, based on the di↵erence of344

the CCQE cross-section ratio �⌫e/�⌫µ between the spec-345

tral function model [18] used in this analysis and new346

calculations using the Hartree-Fock model with Contin-347

uum Random Phase Approximation [19, 20]. The abil-348

ity of this low energy model to describe the atmospheric349

sub-GeV data samples is evaluated by comparing its pre-350

dictions using T2K’s ND constraint to the observed data351

for the down-going part of those samples. The down-352

going events are mostly una↵ected by oscillations, and353

can therefore be used to test the model while keeping the354

analysis reasonably blind. Good agreement with data355

is found for the samples targeting events without pions356

in the final state, but a significant data excess is seen357

in atmospheric samples targeting charged current single358

charged pion (CC1⇡+) events where the pion is identi-359

fied via a delayed Michel electron. An additional uncer-360

tainty for charged-current resonant interactions is intro-361

duced as a result. It changes the shape of the pion three-362

momentum spectrum by modifying the Adler angle [21]363

distribution, based on studies of theory-based [22, 23]364

and empirical modifications.365
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The model for the remaining SK samples (the “high-366

energy model”) is based on the model used in the SK367

analysis, but shares the CCQE part with the low-energy368

model outside of high Q2 (four-momentum transfer) pa-369

rameters, due to similarities in the CCQE events’ phase370

space outside of the highQ2 region. SK and T2K’s uncer-371

tainty models for resonant production and deep inelastic372

scattering events are very similar, the main di↵erence be-373

ing the existence of additional parameters and di↵erent374

nominal values in SK’s analysis. For coherence, the single375

pion production parameters are set to the same values as376

in T2K, which come from studies of external data. This377

gives inflated uncertainties compared to SK’s analysis.378

The model for pion final-state interactions is tuned to379

external data [24], as done by T2K.380

Data from T2K’s ND are used to constrain uncertain-381

ties on parameters from the low-energy model and the382

correlated part of the high-energy model, but not on the383

new uncertainties added for this analysis, or any other384

aspect of the high-energy model due to the lack of over-385

lapping phase space between the near-detector selections386

and the non-sub-GeV atmospheric samples.387

Detector uncertainty model—The same version of the388

SK event reconstruction algorithm [8] is used for the two389

experiments, to be able to derive correlations between390

their detector and reconstruction systematic uncertain-391

ties. Many of the detector uncertainties in both SK and392

T2K’s analyses are estimated from comparisons between393

atmospheric data and simulation. For these, correlated394

uncertainties are constructed by evaluating the e↵ects of395

variations of the detector parameters of the SK model on396

the number of events in the di↵erent samples of the two397

experiments simultaneously. Correlations between the398

reconstructed momentum scale uncertainty of the two399

experiments are found to have an impact on the con-400

straint on �m2
32 obtained in the data fit. Three of the401

four analyses described in the next section treat these pa-402

rameters as correlated, while the fourth considers them403

uncorrelated. The remaining detector uncertainties from404

the reference SK and T2K analyses that are relevant for405

only one of the experiments are applied to the relevant406

samples. An additional systematic uncertainty is intro-407

duced for the sub-GeV samples targeting CC1⇡+ events.408

It allows single ring single Michel electron events with409

low lepton momentum to migrate between ⌫e-like and410

⌫µ-like. The size of this uncertainty covers the excess in411

data observed for the down-going CC1⇡+ ⌫e-like events412

at low momentum.413

Oscillation analysis—Two Bayesian and two frequen-414

tist analyses based on the model described above but415

with di↵erences in technical implementation, binning,416

and statistical methodology are used to fit the data. To417

constrain uncertainties using the T2K ND, one analysis418

performs simultaneous fits of the T2K ND, T2K far de-419

tector and SK atmospheric data, while the other ones420

use a covariance matrix to encode T2K’s ND constraint421

on systematic parameters when fitting the events ob-422

served at SK. The Bayesian analyses use Markov Chain423

Monte Carlo methods to evaluate marginal likelihoods for424

the parameters of interest, while the frequentist analyses425

compute the profile likelihood on a fixed grid of values426

of the oscillation parameters of interest. For atmospheric427

oscillation probability calculations, path-dependent den-428

sity averaging of the matter e↵ect based on a 4 layer ap-429

proximation of the PREMmodel [25] is used, and the fast430

atmospheric oscillations at low energy are smeared using431

di↵erent techniques depending on the analysis. The path-432

dependence yields more precise oscillation probabilities433

than the conventional approximation assuming layers of434

constant density. Finally, all analyses utilize a binned435

log-likelihood test-statistic assuming Poisson-distributed436

bin contents plus Gaussian penalties for the systematic437

parameters. The anti-neutrino measurement of ✓13 by438

reactor experiments [2, 26–29] is used as an external con-439

straint sin2 2✓13 = 0.0853± 0.0027.440

Validation—Simulated datasets [7] are used to test the441

robustness of the analysis to e↵ects not included in the442

base systematic uncertainty model. They are generated443

using alternative models, and fitted using the nominal444

model to measure how the obtained p-values and con-445

straints on oscillation parameters would be a↵ected by446

having assumed the wrong model. Fourteen such simu-447

lated datasets are considered, corresponding to alterna-448

tive neutrino interaction models and data-driven e↵ects449

at both T2K ND and SK. These studies are used to es-450

timate, amongst others, how much the data excess ob-451

served in the atmospheric down-going CC1⇡+ samples452

would bias the results if it was due to unknown system-453

atic e↵ects. Some of the simulated datasets produce a454

visible shift in the preferred values for �m2
32. The un-455

certainty on �m2
32 is inflated by 3.6 ⇥ 10�5 eV2/c4 to456

account for these e↵ects.457

Dataset— The same T2K dataset as in the reference458

analysis [7] is used, corresponding to T2K runs 1 to 10,459

and exposures of 19.7⇥ 1020 and 16.3⇥ 1020 protons on460

target in neutrino and anti-neutrino running modes, re-461

spectively. The atmospheric dataset is slightly increased462

compared to the reference analysis [8] to include the full463

Super-Kamiokande IV period (2008-2018), corresponding464

to a total live-time of 3244.4 days.465

Bayesian results—The Bayesian analyses assume uni-466

form priors on �CP or sin �CP, sin
2 ✓23,�m2

32, and the MO.467

They find a preference for near-maximal CP-violation,468

normal ordering, and a weak preference for the upper469

octant (Table I). SK and T2K data prefer di↵erent oc-470

tants which leads the joint analysis to have a weaker oc-471

tant constraint than the individual experiments and a472

higher probability for maximal mixing, while for the CP-473

violating phase, both experiments favor similar values474

(Figure 1). The exclusion of CP symmetry is quantified475

by checking whether the CP conserving values of JCP and476

�CP are included in highest posterior density credible in-477

tervals corresponding to di↵erent standard fractions of478

the posterior probability (Figure 2). The significance for479
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a given value is defined as the largest tested fraction for480

which this value is not included in either of the intervals481

obtained by the two Bayesian analyses. The results are482

summarized in Table II.483

TABLE I. Bayes factors obtained by one of the Bayesian
analyses using either the full dataset or samples from only
one experiment. Values obtained by the second analysis for
the combined dataset are shown in parentheses.

SK only T2K only SK+T2K
Upper/lower octant 0.47 3.65 1.56 (1.78)
Normal/inverted ordering 1.89 4.96 8.89 (7.33)

0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75

23θ2sin

3−

2−

1−

0

1

2

3CPδ SK + T2K
T2K
SK (+ND)
σ1
σ2

FIG. 1. The (sin2 ✓23, �CP) credible regions obtained with the
SK, T2K, and combined datasets. The MO is marginalized
over and a prior uniform in �CP is used.

TABLE II. Significance of the exclusion of di↵erent CP con-
serving values of JCP and �CP by the Bayesian analyses. Val-
ues in parentheses indicate how the significance changes when
taking into account possible biases identified using the simu-
lated datasets.

Value tested Prior uniform in
�CP sin(�CP)

JCP = 0 >2� (>2�) >2� (>90%)
�CP = 0 >2� (>2�) >2� (>2�)
�CP = ⇡ >2� (>2�) >90% (>1�)

Frequentist results—Ensembles of pseudo-experiments484

are constructed to evaluate the frequentist significance485

of the CP and MO results, taking into account statisti-486

cal fluctuations and randomizing the values of nuisance487

oscillation and systematic parameters according to their488

posterior [30] and prior probability distributions respec-489

tively. The significance of the exclusion of CP conserva-490

tion (CPC) is estimated using the log-likelihood ratio of491

best CPC (sin �CP = 0) vs. best CP-violating hypothe-492

ses as a test-statistic. An alternative hypothesis is also493

0.04− 0.02− 0.00 0.02 0.04
δsin23c23s12c12s2

13c13 s≡J 

0

50

100

150

200

250

Po
ste

rio
r d

en
sit

y

Both ordering

CPδPrior uniform in 
CPδPrior uniform in sin

σ1
σ2
σ3

Both ordering

FIG. 2. The posterior density for the Jarlskog invariant with
credible intervals overlaid, marginalized over both MOs, and
assuming a uniform prior in either �CP or sin �CP.

tested, “Posterior �CP”, for which true �CP values are sam-494

pled from the posterior distribution. For the neutrino495

MO, the log-likelihood ratio of best normal and inverted496

ordering hypotheses is used as a test-statistic (Figure 3).497

The obtained p-values are summarized in Table III.498

CP conservation is disfavored with a lower p-value (p =499

0.037) than when using only the T2K data (p = 0.047).500

The inverted ordering is disfavored while good agreement501

with the normal ordering hypothesis is found, resulting502

in a CLs parameter [31] for the inverted ordering of 0.18.503

The distribution of the MO test-statistic depends on the504

assumed values of sin2 ✓23 (for SK) and �CP (for T2K).505

The p-value for the inverted ordering varies between 0.05506

and 0.08 when assuming di↵erent fixed true values for507

sin2 ✓23 and �CP over the range of their 90% confidence508

intervals. The 68.3% confidence intervals obtained us-509

ing the Feldman–Cousins method [32], with other oscil-510

lation parameters including the MO treated as nuisance511

parameters, are [�2.71,�1.03] for �CP and [0.443, 0.574]512

for sin2 ✓23.513

TABLE III. Frequentist p-values for the di↵erent CP and
MO hypotheses. The most conservative of the two values
obtained by the frequentist analyses is reported, and for the
disfavored hypotheses, the value up to which the p-value could
increase due to biases seen in simulated data studies is given
in parentheses.

Hypothesis p-value
CP conservation 0.037 (0.050)
Posterior �CP 0.75
Inverted ordering 0.079 (0.080)
Normal ordering 0.58

Goodness of fit—The Bayesian analyses find reason-514

able posterior predictive p-values [33] using both the515

event spectra (p = 0.24) and total event counts (p =516

0.19). The p-values for the individual T2K samples agree517
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FIG. 3. Distribution of the MO test statistic under true nor-
mal and inverted ordering hypotheses. The filled areas to the
left (right) of the data result indicate the p-values for the in-
verted (normal) hypotheses.

with the reference T2K analysis [7] up to small di↵erences518

coming predominantly from model changes rather than519

the preferred values of the oscillation parameters or the520

addition of SK’s atmospheric samples. The frequentist p-521

values [34] additionally show good consistency between522

the values of the systematic parameters favored by the523

T2K ND and atmospheric data (p = 0.19), as well as524

between the atmospheric and beam samples (p = 0.24).525

Discussion—The SK and T2K datasets favor similar526

values for the CP phase, close to maximal CP violation,527

and both show a preference for the normal MO. As a528

result, the combined analysis finds increased preferences529

for non-conservation of CP symmetry and the normal or-530

dering, although the statistical significance of these pref-531

erences remains limited. When looking directly at the532

exclusion of CPC through the presence of JCP = 0 in533

credible intervals or frequentist p-values, an exclusion at534

the 2� level is found. However, this level of significance535

is not robust against potential weaknesses of the uncer-536

tainty model, as tested using simulated datasets. The537

problematic model in both cases assumes that the data538

excess observed in down going low energy samples target-539

ing CC1⇡+ events is fully due to an unknown systematic540

e↵ect. This indicates a need to improve the modeling541

of CC1⇡+ interactions with a low-momentum pion for542

future analyses.543

Conclusion—The SK and T2K collaborations have544

produced a first joint analysis of their data. The results545

show an exclusion of the conservation of CP symmetry546

close to the 2� level, a limited preference for the normal547

ordering, and no strong preference for the ✓23 octant.548

Further combined analyses using a larger data sample549

and new analysis developments from SK and T2K are550

expected to bring increased sensitivity.551
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