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T2K and NOVA are two currently active long-baseline neutrino oscillation experiments studying
Vyu/Vy disappearance and v, /v, appearance in v, /¥, accelerator neutrino beams. This report
presents a joint T2ZK+NOVA neutrino oscillation analysis within the standard three active neutrino
flavors paradigm, which includes each experiment’s fully detailed detector simulations and takes
advantage of the experiments’ complementary oscillation baselines of 295 km and 810 km and
neutrino energies around 0.6 GeV and 2 GeV for T2K and NOvVA, respectively. The combination
of the differing sensitivities to neutrino oscillation and the T2ZK+NOVA data could constrain the
oscillation parameters better than either experiment alone. We discuss the general joint analysis
strategy within a unified Bayesian framework and provide an overview of the robustness checks
and tests performed.
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T2K+NOvA Joint Measurement of Neutrino Oscillation Parameters

1. Introduction and motivation for joint analysis

T2K (Tokai to Kamioka) and NOvA (NuMI Off-axis v, Appearance) are the two currently
running long-baseline neutrino oscillation experiments, both operating for over ten years. By
observing v, /v, disappearance and v./V. appearance in accelerator v, and v, beams, they can
constrain several neutrino oscillation parameters of the standard three-neutrino paradigm in PMNS
parametrization [1]. Namely, the experiments’ main physics goals are searching for CP violation
in the lepton sector, i.e., sindcp # 0, and precise measurements of the neutrino mixing angle 6,3
and squared mass-splitting Am%2 as well as resolving the neutrino mass ordering (normal, NO,
Am3, > 0 or inverted, 10, Am3, < 0).

As T2K and NOvVA observe the exact same phenomena and test the same theoretical model of
neutrino oscillations while exploiting almost an identical physics concept, a joint analysis makes
perfect sense to improve sensitivity, both physics-wise (see Section 2) and statistics-wise. Based on
Refs. [2, 3] and related data sets, it provides roughly twice the number of neutrino events compared
to individual analyses. It also ensures a consistent statistical inference—Bayesian in this instance—
is used, taking into account a detailed likelihood of both experiments together and incorporating
the distinct v charged-current (CC) event detection and reconstruction. As an invaluable bonus, the
inter-experiment collaboration thoroughly reviews the systematic models and analysis techniques
of T2K and NOVA.

2. Complementary experiment designs of T2K and NOvA

T2K uses a v, or v, enriched beam produced at J-PARC (Japan Proton Accelerator Research
Center) in Tokai, Japan, and a set of near detectors [4] to constrain v fluxes and cross sections. The
beam travels over a 295 km baseline to the 50-kt water Cherenkov detector, Super-Kamiokande,
which is located 43.6 mrad off the beam axis to obtain a narrow v energy spectra peaked around
0.6 GeV, corresponding to the first v, /v, disappearance minima and v, /v, appearance maxima.

NOVA [5] detectors are two functionally identical, highly-segmented liquid scintillator tracking
calorimeters. They both sit about 14.6 mrad off the axis of the Fermilab’s NuMI (Neutrinos at the
Main Injector) neutrino beam, which provides high-purity v, /v, spectra peaked near 2 GeV. The
near detector, with a mass of 0.3 kt, is located close to the v source at the Fermilab site, Illinois,
and the 14-kt far detector lies 810 km downstream at Ash River, Minnesota.

The complementarity of the two experiment setups, as seen in Fig. 1, for studying neutrino flavor
transitions is expressed by the different oscillation baseline L and the peak v energy E: 295 km,
0.6 GeV (T2K) and 810 km, 2 GeV (NOvA). The impact of L and E on the neutrino propagation
through media [1], i.e., the impact on the resulting v, /v, — V. /V,. oscillation probabilities, differs;
hence, the physics sensitivity is different too. Joint analysis probes both spaces, potentially lifting
individual experiments’ degeneracies. This is illustrated by Fig. 2, showing oscillation probabilities
P(Vy — Ve) vs P(v, — v.) for NOVA’s and T2K’s L, E at certain values of sin® 203, sin® 0,3,
and |Am§2|, while 6 p and mass ordering hypothesis vary.

In addition, both experiments use different detector technologies and energy reconstruction
methods; namely, T2K reconstructs the energy of v CC events from the outgoing lepton kinematics,
whereas NOVA calorimetrically. The v interactions at lower T2K’s energies are dominated by
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Figure 1: The location and experiment setups of T2K (left) and NOvA (right).

quasi-elastic scattering (QE) supplemented with 2p2h meson exchange interactions and resonant &
production (RES). NOvA’s energies of ~2 GeV correspond to a mix of QE, 2p2h, RES, and deep
inelastic scattering [6]. The experiments explore distinct neutrino-on-nucleus interaction types or
dissimilar parts of their phase space.

3. The joint analysis

As declared in the related Refs. [2, 3], both experiments have their own software, which
implements Markov Chain Monte Carlo (MCMC) based on Metropolis-Hastings algorithm [7] to
analyze respective likelihood functions within a Bayesian statistical inference. T2K uses MaCh3
software [8], and NOvA uses ARIA [9]. For both, a Poisson likelihood function describes the
compatibility between the observed data and the prediction derived from neutrino flux, interaction,
detector response, and oscillation models. We containerized the single-experiment likelihood
calculations and embedded them into the other experimentss MCMC framework via a unified
communication environment (see diagram in Fig. 3) to construct and analyze a combined joint
likelihood function. This approach enables each collaboration to work with their own MCMC
framework to carry out the analysis over the full parameter space of both T2K and NOvA. Having
two implementations of the full multi-experiment likelihood also comes with a helpful cross-
validation of the fitting workstream.

4. Systematic uncertainties correlations and checks

With the data used [2, 3], the statistical uncertainties dominate in both experiments, but the
systematic uncertainties cannot be considered negligible. We scrupulously inspected the v flux,
detector, and v interaction models and tested their systematic uncertainties to assess whether any
potential inter-experiment correlations matter for the joint analysis.
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Figure 2: Bi-probability plots of P(v, — ¥.) vs P(v, — v.) for NOvA’s (left) and T2K’s (right)
combination of L and peak E, varying dcp, and normal (NO, blue) and inverted (IO, orange) neutrino mass
ordering. The overlapping regions of the ellipses mark the degenerate solutions of NOvA (mainly 6cp = 7/2
and —7r/2) and T2K (mainly around 6¢cp = 0 and x).
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Figure 3: Diagram illustrating the technical construction of the joint analysis within the T2K MaCh3
codebase (red, left) and the NOvA ARIA codebase (blue, right). Containerizing enables for including
the contributions to the combined likelihood calculations from one experiment to the other via a unified
communication environment (magenta).

First, due to different beam geometries, focusing, and proton sources, and given the low
significance the flux uncertainties play in the NOvA-only analysis, we conclude that they need not
be correlated. Similarly, given the different detection technologies and energy estimation methods,
we do not expect the correlations of the detector response uncertainties to matter significantly.
Second, we identified the T2K’s and NOvA’s most impactful uncertainties in terms of changing
the credible interval (CI) widths of sin® 63, Amgz, or 0cp in fits to simulated data. This was
assessed by imposing a tight external constraint on each systematic parameter at a different value
to that preferred by the simulated data, i.e., by “shrinking and pulling” the parameters prior, one
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Figure 4: 2D 10 credible regions in Am%2 vs sin® 613 (leftyand Scp vs sin® 0»3 (right) marginalized over both
neutrino mass orderings from fits to simulated data with a symmetric systematic bias to affect Am%2 (“Am?
nightmare”); 6cp = /2, sin? 63 = 0.55, Am2, = —2.45 x 1073 eV2. The T2K and NOVA nightmare
parameters were treated as either uncorrelated (teal), fully correlated (gray), or anti-correlated (magenta).

at a time. We conclude that 6cp measurement is most affected by the uncertainties on v, and
v, normalization from the uncertainties on o, / T, and o, / T, cross-section ratios. These are
implemented identically in T2K and NOvA, and we have correlated them in the joint analysis. All
together, we have not found any single parameter significantly impacting the oscillation parameters
measurement, changing the width of 1D ClIs by < 5%.

Next, we tested whether correlating the most impactful NOvA parameters with the most
impactful T2K parameters modifies the extracted oscillation parameter CIs. We performed joint
fits to simulated data while treating the parameters as either uncorrelated, fully correlated, or
anti-correlated, and we conclude that the choice of inter-experiment correlation between single
parameters does not, in principle, change the results of the measurement.

Eventually, we investigated a more extreme situation in which a systematic bias is large enough
to potentially mimic the effect of oscillation parameters. We constructed heuristic “nightmare” pa-
rameters that are problematic for both NOvA and T2K alone as they affect the neutrino spectra more
than any systematic parameters already present in the analysis. We crafted two types of nightmare
targeting Am%2 and sin® 6,3 measurement, and we set the corresponding prior uncertainties to be
comparable in impact to the statistical uncertainty within the region of v, disappearance minima
and v, appearance maxima. We simulated a “nightmare” bias by moving the parameters from their
prior values to induce a fully symmetrical shift in T2K and NOvVA data. We fit the simulated data
while, again, treating the nightmare parameters as uncorrelated, fully correlated, or anti-correlated
between the experiments. The results of the “Am? nightmare” are in Fig. 4. In these case studies, we
see no significant difference in treating the nightmare parameters uncorrelated or fully correlated;
however, adding a wrong correlation (anti-correlated) can lead to biases.

In conclusion, we chose to neglect correlations between the experiments’ systematic uncer-
tainties, as—based on the performed simulation studies with current exposures, data sets, and
analysis versions—we have not found cases where correlations matter substantially. The o, /o,
and o, /0y, uncertainties were directly correlated between T2K and NOVA as an exception.



T2K+NOvA Joint Measurement of Neutrino Oscillation Parameters

5. Alternative model variations checks

Utilizing the procedure of simulated data studies introduced in Ref. [2], the robustness of the
analysis was tested against several alternative neutrino interaction models listed therein. We also
checked the scenario when each experiment fits to pseudo-data based on the other’s nominal model.

We require these studies not to fail pre-defined criteria on modifying the extracted CIs widths
by more than 10% (a small “error on the error”), shifting the center of the CIs by more than 50%
of the estimated systematic uncertainty, and that the largest variation to be spotted does not change
the conclusions on CP violation or mass ordering determination. No failures of the criteria were
found, and the consistency between the nominal and alternative model fits was generally good.

6. Summary

We successfully carried out a joint analysis of T2K and NOvA long-baseline neutrino oscillation
data within a unified framework for Bayesian statistical inference. This was preceded by an in-
depth review of the individual analysis techniques, models, systematic uncertainties, and their
consistency when combined together. The goodness of the fit was tested with posterior-predictive
p-values [10] of 0.75 when including all the relevant v samples, taking into account the rate
and shape information. Its robustness was further checked by simulating multiple out-of-model
variations, with no significant change in the extracted credible intervals of parameters of interest.

With external inputs on neutrino oscillation parameters 6, Am%l, and sin? 013, T2K+NOvVA
analysis provided tighter constraints on sin® 073, Amgz, and 0 p than either experiment alone [2, 3].
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