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OSCILLATING

Neutrinos come in three types, called flavors. 
There are electron neutrinos, muon neutri-
nos and tau neutrinos. One of the strangest 
aspects of neutrinos is that they don’t pick 
just one flavor and stick to it. They oscillate 
between all three.

MYSTERIOUS

Neutrinos are mysterious. Experiments seem 
to hint at the possible existence of a fourth 
type of neutrino: a sterile neutrino, which would 
interact even more rarely than the others. 

VERY MYSTERIOUS

Scientists also wonder if neutrinos are their 
own antiparticles. If they are, they could have 
played a role in the early universe, right after 
the big bang, when matter came to outnumber 
antimatter just enough to allow us to exist.

ABUNDANT

Of all particles with mass, neutrinos are the 
most abundant in nature. They’re also some  
of the least interactive. Roughly a thousand 
trillion of them pass harmlessly through your 
body every second.

FUNDAMENTAL

Neutrinos are fundamental particles, which 
means that—like quarks and photons and  
electrons—they cannot be broken down into 
any smaller bits.

ELUSIVE

Neutrinos are difficult but not impossible to  
catch. Scientists have developed many differ-
ent types of particle detectors to study them.

LIGHTWEIGHT

Neutrinos weigh almost nothing, and they 
travel close to the speed of light. Neutrino 
masses are so small that so far no experi-
ment has succeeded in measuring them. The 
masses of other fundamental particles come 
from the Higgs field, but neutrinos might get 
their masses another way.

DIVERSE

Neutrinos are created in many processes in 
nature. They are produced in the nuclear 
reactions in the sun, particle decays in the 
Earth, and the explosions of stars. They are 
also produced by particle accelerators and  
in nuclear power plants.

 NEUTRINOS
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Tuesday Afternoon Neutrino 2026 at UCI: Co-Chairs 

Mu-Chun Chen, Co-Chair

Michael Smy, Co-Chair

● Few MeV-100 MeV event reconstruction and selection, triggering of the lowest energy electron events 
in Super-Kamiokande

● Precise calibration of the Super-Kamiokande detector at few MeV-20 meV
● development of Gd doping for large water Cherenkov detectors, in particular measurement of the 

impact of Gd doping and water filtration methods on optical transparency
● Leading the 8B solar neutrino analysis in Super-Kamiokande, in particular oscillation analysis (of 

Super-Kamiokande and other solar neutrino experiments), energy dependence of MSW adiabatic 
conversion, earth matter effects

● New techniques to identify and remove cosmogenic radioactivity as a background to solar and 
supernova neutrinos

● Search for the diffuse supernova neutrino background with world-leading sensitivity
● Co-Chair for WIN2017 at UCI

● Theorist working on origin of neutrino masses and mixing, baryogenesis and leptogenesis, Grand 
Unified Theories, and other BSM Physics

● Several seminal contributions to theory of neutrino masses and mixing, and leptogenesis; Proposed 
Group Theoretical Origin of CP Violation - a current hot topic

● Humboldt Research Fellowship; IAC
● Frequent invited speaker on theory of neutrino masses and mixing; more than 200 presentations 

worldwide, including recent Snowmass Theory Frontier conference
● Co-convenor, DoE Intermediate Neutrino Program - Theory Working Group, 2015
● Co-Chair for WIN 2017 at UCI
● Chair of LOC for APS CUWiP2020 at UCI  (~360 attendees); (Elected) Chair of NOC-L for APS CUWiP 

2023 overseeing 15 sites, >2000 attendees nationwide
● Snowmass Co-Convener, CEF3: Diversity and Inclusion Topical Group
● Associate Dean for School of Physical Sciences
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!  447 posters !

~ 35 % of participants where female

The Exp. Collaborations that  
suggested names  

did better than Nu 2024  !

32 % talks by female speakers

Goal is = or  > ?
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• Plenary + Posters only


• In-person  (not hybrid)


• IUPAP guidlines to be 
followed
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Neutrino Conference Format:

• Talks on Indico available 
after/during the talk, NOT 
before


• Accommodate Disabilities 
for participants


• Talks and Posters on 
Zenedo



What about 
Neutrino 2028 ?



Wei Wang,  
Sun Yat-san U.

Jun Cao, IHEP, 

Nu 2028  
Beijing, 
China





Call for Co-Chairs/Locations for future meetings:

• Nu 2032 Americas/Asia:         decision at Nu2028

parke@fnal.gov 
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DUNE CP Sensitivity:



What about 
Neutrino 2030 ?

100 years  
since Pauli !



At least 2 will attend the INC meetings in person until 2040+.





See you  all in 


Beijing, 中
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Adding Constraint from NuFit-LBL
 Δm2

31 from reactor and accelerator neutrinos should align at the right mass ordering[1]
 Adopt the NuFit-LBL results from [2]: normal mass ordering is favored at Δχ2 = 4.86

[1] H. Nunokawa, S. Parke and R.Z. Funchal, Phys. Rev. D 72 (2005) 013009; Y. F. Li et al., Phys. Rev. D 88, 013008 (2013)
[2] NuFIT 6.0 (JHEP 12 (2024) 216 [arXiv:2410.05380]), www.nu-fit.org and M. Maltoni private communication

Posters: 252, 205

30

Disappearance:
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FIG. 1. The impact of mass ordering and �CP on event
rates. A “bi-event” plot that illustrates experimental sensi-
tivity to neutrino mass ordering and �CP, with panels repre-
senting the NOvA (a) and T2K (b) cases. Black points with
1� Poisson statistical error bars show the total number of ⌫e
and ⌫̄e candidates selected in the far detectors. The oval para-
metric curves trace out predicted numbers of events under the
normal (blue) or inverted (orange) mass ordering assumption
as the parameter �CP varies from �⇡ to ⇡. Four specific �CP

values are labeled for reference. All other oscillation parame-
ters are kept fixed in this graphic, set to their most probable
values from the joint analysis (Extended Data Table III.)

way) which values of �CP are preferred. In contrast, T2K
has less sensitivity to the mass ordering, but points with
similar values of �CP in each hierarchy sit close to one
another, and the data lie closest to �CP = �⇡

2 regard-
less of mass ordering. Combining these data sets can
provide simultaneous mass ordering and �CP information
with substantially less ambiguity, maximizing the utility
of current data and informing data-taking strategies for
current and future experiments.

This discussion points to a more general observation
that the oscillation parameters of interest represent a
highly correlated multidimensional space. The analysis
reported here calculates a joint Bayesian posterior, using
the experiments’ likelihoods defined over the full parame-
ter space. Additionally, we utilize the full suite of analysis
tools from both experiments: detector response models,

neutrino energy estimators, near detector measurements,
and systematic uncertainties, all within a unified frame-
work for statistical inference. This level of integration is
a first for accelerator neutrino experiments.
The posterior calculation is based on detailed parame-

terized models of the neutrino flux, cross sections, and de-
tectors that predict the binned spectra of neutrino events
in each of our selected samples as a function of the os-
cillation parameters and a large number of nuisance pa-
rameters mostly related to systematic uncertainties in
the models. A likelihood is constructed from Poisson
probability terms describing the compatibility between
the prediction and the observed data in bins of relevant
variables. Prior probabilities are set on all parameters as
detailed in the Methods.
Both T2K and NOvA have software that explores

the posterior using Markov chain Monte Carlo (MCMC)
methods [28, 29] (ARIA for NOvA [30] and MaCh3 for
T2K [31]). By containerizing [32] the likelihood and prior
portions of the code, we are able to construct and ana-
lyze the joint posterior using either of the original MCMC
frameworks, despite the very di↵erent software environ-
ments involved. For each fitting framework, ARIA or
MaCh3, the fitter’s native likelihood and priors are cal-
culated directly while the other experiment’s likelihood
and priors are accessed via the software container. In
this way, either framework can be used, providing valu-
able redundancy and thus cross checks of all statistical
inferences.
While a single set of oscillation parameters naturally

applies to both experiments in the joint posterior, the
treatment of the many nuisance parameters related to
systematic uncertainties is more subtle. Both measure-
ments of the oscillation parameters currently have sta-
tistical uncertainties larger than the systematic uncer-
tainties, but the latter are not negligible. We thoroughly
surveyed the flux, cross-section, and detector models and
their systematic uncertainties to determine whether cor-
relations between the experiments a↵ect the analysis at
a significant level. Our conclusions from this e↵ort are
summarized in the following paragraphs.
Both T2K and NOvA use beams produced by di-

recting accelerated protons onto graphite targets. The
hadrons are charge selected with magnetic horns: posi-
tively charged hadrons decay to produce neutrinos and
negatively charged to produce antineutrinos. Many un-
certainties on these beam fluxes stem from processes un-
related between the two experiments, e.g., alignment of
beam components. Yet, uncertainties on the rate of
hadron production in the graphite targets are significant,
and the underlying physics is the same. However, the
two experiments use proton beams of di↵erent energies
(30 GeV for T2K, 120 GeV for NOvA), and the external
data sets used to tune the hadron production models of
both experiments are di↵erent [33–35]. Additionally, the
ultimate impact of flux uncertainties on far detector pre-
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T2K [31]). By containerizing [32] the likelihood and prior
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ments involved. For each fitting framework, ARIA or
MaCh3, the fitter’s native likelihood and priors are cal-
culated directly while the other experiment’s likelihood
and priors are accessed via the software container. In
this way, either framework can be used, providing valu-
able redundancy and thus cross checks of all statistical
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applies to both experiments in the joint posterior, the
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systematic uncertainties is more subtle. Both measure-
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tainties, but the latter are not negligible. We thoroughly
surveyed the flux, cross-section, and detector models and
their systematic uncertainties to determine whether cor-
relations between the experiments a↵ect the analysis at
a significant level. Our conclusions from this e↵ort are
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recting accelerated protons onto graphite targets. The
hadrons are charge selected with magnetic horns: posi-
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related between the two experiments, e.g., alignment of
beam components. Yet, uncertainties on the rate of
hadron production in the graphite targets are significant,
and the underlying physics is the same. However, the
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(30 GeV for T2K, 120 GeV for NOvA), and the external
data sets used to tune the hadron production models of
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ultimate impact of flux uncertainties on far detector pre-
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two experiments use proton beams of di↵erent energies
(30 GeV for T2K, 120 GeV for NOvA), and the external
data sets used to tune the hadron production models of
both experiments are di↵erent [33–35]. Additionally, the
ultimate impact of flux uncertainties on far detector pre-
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FIG. 1. The impact of mass ordering and �CP on event
rates. A “bi-event” plot that illustrates experimental sensi-
tivity to neutrino mass ordering and �CP, with panels repre-
senting the NOvA (a) and T2K (b) cases. Black points with
1� Poisson statistical error bars show the total number of ⌫e
and ⌫̄e candidates selected in the far detectors. The oval para-
metric curves trace out predicted numbers of events under the
normal (blue) or inverted (orange) mass ordering assumption
as the parameter �CP varies from �⇡ to ⇡. Four specific �CP

values are labeled for reference. All other oscillation parame-
ters are kept fixed in this graphic, set to their most probable
values from the joint analysis (Extended Data Table III.)

way) which values of �CP are preferred. In contrast, T2K
has less sensitivity to the mass ordering, but points with
similar values of �CP in each hierarchy sit close to one
another, and the data lie closest to �CP = �⇡

2 regard-
less of mass ordering. Combining these data sets can
provide simultaneous mass ordering and �CP information
with substantially less ambiguity, maximizing the utility
of current data and informing data-taking strategies for
current and future experiments.

This discussion points to a more general observation
that the oscillation parameters of interest represent a
highly correlated multidimensional space. The analysis
reported here calculates a joint Bayesian posterior, using
the experiments’ likelihoods defined over the full parame-
ter space. Additionally, we utilize the full suite of analysis
tools from both experiments: detector response models,

neutrino energy estimators, near detector measurements,
and systematic uncertainties, all within a unified frame-
work for statistical inference. This level of integration is
a first for accelerator neutrino experiments.
The posterior calculation is based on detailed parame-

terized models of the neutrino flux, cross sections, and de-
tectors that predict the binned spectra of neutrino events
in each of our selected samples as a function of the os-
cillation parameters and a large number of nuisance pa-
rameters mostly related to systematic uncertainties in
the models. A likelihood is constructed from Poisson
probability terms describing the compatibility between
the prediction and the observed data in bins of relevant
variables. Prior probabilities are set on all parameters as
detailed in the Methods.
Both T2K and NOvA have software that explores

the posterior using Markov chain Monte Carlo (MCMC)
methods [28, 29] (ARIA for NOvA [30] and MaCh3 for
T2K [31]). By containerizing [32] the likelihood and prior
portions of the code, we are able to construct and ana-
lyze the joint posterior using either of the original MCMC
frameworks, despite the very di↵erent software environ-
ments involved. For each fitting framework, ARIA or
MaCh3, the fitter’s native likelihood and priors are cal-
culated directly while the other experiment’s likelihood
and priors are accessed via the software container. In
this way, either framework can be used, providing valu-
able redundancy and thus cross checks of all statistical
inferences.
While a single set of oscillation parameters naturally

applies to both experiments in the joint posterior, the
treatment of the many nuisance parameters related to
systematic uncertainties is more subtle. Both measure-
ments of the oscillation parameters currently have sta-
tistical uncertainties larger than the systematic uncer-
tainties, but the latter are not negligible. We thoroughly
surveyed the flux, cross-section, and detector models and
their systematic uncertainties to determine whether cor-
relations between the experiments a↵ect the analysis at
a significant level. Our conclusions from this e↵ort are
summarized in the following paragraphs.
Both T2K and NOvA use beams produced by di-

recting accelerated protons onto graphite targets. The
hadrons are charge selected with magnetic horns: posi-
tively charged hadrons decay to produce neutrinos and
negatively charged to produce antineutrinos. Many un-
certainties on these beam fluxes stem from processes un-
related between the two experiments, e.g., alignment of
beam components. Yet, uncertainties on the rate of
hadron production in the graphite targets are significant,
and the underlying physics is the same. However, the
two experiments use proton beams of di↵erent energies
(30 GeV for T2K, 120 GeV for NOvA), and the external
data sets used to tune the hadron production models of
both experiments are di↵erent [33–35]. Additionally, the
ultimate impact of flux uncertainties on far detector pre-
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rates. A “bi-event” plot that illustrates experimental sensi-
tivity to neutrino mass ordering and �CP, with panels repre-
senting the NOvA (a) and T2K (b) cases. Black points with
1� Poisson statistical error bars show the total number of ⌫e
and ⌫̄e candidates selected in the far detectors. The oval para-
metric curves trace out predicted numbers of events under the
normal (blue) or inverted (orange) mass ordering assumption
as the parameter �CP varies from �⇡ to ⇡. Four specific �CP

values are labeled for reference. All other oscillation parame-
ters are kept fixed in this graphic, set to their most probable
values from the joint analysis (Extended Data Table III.)

way) which values of �CP are preferred. In contrast, T2K
has less sensitivity to the mass ordering, but points with
similar values of �CP in each hierarchy sit close to one
another, and the data lie closest to �CP = �⇡

2 regard-
less of mass ordering. Combining these data sets can
provide simultaneous mass ordering and �CP information
with substantially less ambiguity, maximizing the utility
of current data and informing data-taking strategies for
current and future experiments.

This discussion points to a more general observation
that the oscillation parameters of interest represent a
highly correlated multidimensional space. The analysis
reported here calculates a joint Bayesian posterior, using
the experiments’ likelihoods defined over the full parame-
ter space. Additionally, we utilize the full suite of analysis
tools from both experiments: detector response models,

neutrino energy estimators, near detector measurements,
and systematic uncertainties, all within a unified frame-
work for statistical inference. This level of integration is
a first for accelerator neutrino experiments.
The posterior calculation is based on detailed parame-

terized models of the neutrino flux, cross sections, and de-
tectors that predict the binned spectra of neutrino events
in each of our selected samples as a function of the os-
cillation parameters and a large number of nuisance pa-
rameters mostly related to systematic uncertainties in
the models. A likelihood is constructed from Poisson
probability terms describing the compatibility between
the prediction and the observed data in bins of relevant
variables. Prior probabilities are set on all parameters as
detailed in the Methods.
Both T2K and NOvA have software that explores

the posterior using Markov chain Monte Carlo (MCMC)
methods [28, 29] (ARIA for NOvA [30] and MaCh3 for
T2K [31]). By containerizing [32] the likelihood and prior
portions of the code, we are able to construct and ana-
lyze the joint posterior using either of the original MCMC
frameworks, despite the very di↵erent software environ-
ments involved. For each fitting framework, ARIA or
MaCh3, the fitter’s native likelihood and priors are cal-
culated directly while the other experiment’s likelihood
and priors are accessed via the software container. In
this way, either framework can be used, providing valu-
able redundancy and thus cross checks of all statistical
inferences.
While a single set of oscillation parameters naturally

applies to both experiments in the joint posterior, the
treatment of the many nuisance parameters related to
systematic uncertainties is more subtle. Both measure-
ments of the oscillation parameters currently have sta-
tistical uncertainties larger than the systematic uncer-
tainties, but the latter are not negligible. We thoroughly
surveyed the flux, cross-section, and detector models and
their systematic uncertainties to determine whether cor-
relations between the experiments a↵ect the analysis at
a significant level. Our conclusions from this e↵ort are
summarized in the following paragraphs.
Both T2K and NOvA use beams produced by di-

recting accelerated protons onto graphite targets. The
hadrons are charge selected with magnetic horns: posi-
tively charged hadrons decay to produce neutrinos and
negatively charged to produce antineutrinos. Many un-
certainties on these beam fluxes stem from processes un-
related between the two experiments, e.g., alignment of
beam components. Yet, uncertainties on the rate of
hadron production in the graphite targets are significant,
and the underlying physics is the same. However, the
two experiments use proton beams of di↵erent energies
(30 GeV for T2K, 120 GeV for NOvA), and the external
data sets used to tune the hadron production models of
both experiments are di↵erent [33–35]. Additionally, the
ultimate impact of flux uncertainties on far detector pre-

 ⟨Δ31⟩ ≈ 0.4 π  aL ≈ 0.21
NOvA NO prefer by ~1 unit of χ2 T2K NO prefer by ~2 units of χ2

But at different values of   !δCP

Appearance:



Stephen Parke                                                                 Fermilab                                                     6/3/2026       #                     22

P(νμ → νe)

P(
ν̄ μ

→
ν̄ e

)

6

60 80 100 120
 candidateseν 

10

20

/2π = -CPδ

 = 0CPδ

/2π = CPδ

π = CPδ

T2K

30

40

Normal
Inverted
Data

NOvA

b

a

 c
an

di
da

te
s

eν
 c

an
di

da
te

s
eν

FIG. 1. The impact of mass ordering and �CP on event
rates. A “bi-event” plot that illustrates experimental sensi-
tivity to neutrino mass ordering and �CP, with panels repre-
senting the NOvA (a) and T2K (b) cases. Black points with
1� Poisson statistical error bars show the total number of ⌫e
and ⌫̄e candidates selected in the far detectors. The oval para-
metric curves trace out predicted numbers of events under the
normal (blue) or inverted (orange) mass ordering assumption
as the parameter �CP varies from �⇡ to ⇡. Four specific �CP

values are labeled for reference. All other oscillation parame-
ters are kept fixed in this graphic, set to their most probable
values from the joint analysis (Extended Data Table III.)

way) which values of �CP are preferred. In contrast, T2K
has less sensitivity to the mass ordering, but points with
similar values of �CP in each hierarchy sit close to one
another, and the data lie closest to �CP = �⇡

2 regard-
less of mass ordering. Combining these data sets can
provide simultaneous mass ordering and �CP information
with substantially less ambiguity, maximizing the utility
of current data and informing data-taking strategies for
current and future experiments.

This discussion points to a more general observation
that the oscillation parameters of interest represent a
highly correlated multidimensional space. The analysis
reported here calculates a joint Bayesian posterior, using
the experiments’ likelihoods defined over the full parame-
ter space. Additionally, we utilize the full suite of analysis
tools from both experiments: detector response models,

neutrino energy estimators, near detector measurements,
and systematic uncertainties, all within a unified frame-
work for statistical inference. This level of integration is
a first for accelerator neutrino experiments.
The posterior calculation is based on detailed parame-

terized models of the neutrino flux, cross sections, and de-
tectors that predict the binned spectra of neutrino events
in each of our selected samples as a function of the os-
cillation parameters and a large number of nuisance pa-
rameters mostly related to systematic uncertainties in
the models. A likelihood is constructed from Poisson
probability terms describing the compatibility between
the prediction and the observed data in bins of relevant
variables. Prior probabilities are set on all parameters as
detailed in the Methods.
Both T2K and NOvA have software that explores

the posterior using Markov chain Monte Carlo (MCMC)
methods [28, 29] (ARIA for NOvA [30] and MaCh3 for
T2K [31]). By containerizing [32] the likelihood and prior
portions of the code, we are able to construct and ana-
lyze the joint posterior using either of the original MCMC
frameworks, despite the very di↵erent software environ-
ments involved. For each fitting framework, ARIA or
MaCh3, the fitter’s native likelihood and priors are cal-
culated directly while the other experiment’s likelihood
and priors are accessed via the software container. In
this way, either framework can be used, providing valu-
able redundancy and thus cross checks of all statistical
inferences.
While a single set of oscillation parameters naturally

applies to both experiments in the joint posterior, the
treatment of the many nuisance parameters related to
systematic uncertainties is more subtle. Both measure-
ments of the oscillation parameters currently have sta-
tistical uncertainties larger than the systematic uncer-
tainties, but the latter are not negligible. We thoroughly
surveyed the flux, cross-section, and detector models and
their systematic uncertainties to determine whether cor-
relations between the experiments a↵ect the analysis at
a significant level. Our conclusions from this e↵ort are
summarized in the following paragraphs.
Both T2K and NOvA use beams produced by di-

recting accelerated protons onto graphite targets. The
hadrons are charge selected with magnetic horns: posi-
tively charged hadrons decay to produce neutrinos and
negatively charged to produce antineutrinos. Many un-
certainties on these beam fluxes stem from processes un-
related between the two experiments, e.g., alignment of
beam components. Yet, uncertainties on the rate of
hadron production in the graphite targets are significant,
and the underlying physics is the same. However, the
two experiments use proton beams of di↵erent energies
(30 GeV for T2K, 120 GeV for NOvA), and the external
data sets used to tune the hadron production models of
both experiments are di↵erent [33–35]. Additionally, the
ultimate impact of flux uncertainties on far detector pre-
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FIG. 1. The impact of mass ordering and �CP on event
rates. A “bi-event” plot that illustrates experimental sensi-
tivity to neutrino mass ordering and �CP, with panels repre-
senting the NOvA (a) and T2K (b) cases. Black points with
1� Poisson statistical error bars show the total number of ⌫e
and ⌫̄e candidates selected in the far detectors. The oval para-
metric curves trace out predicted numbers of events under the
normal (blue) or inverted (orange) mass ordering assumption
as the parameter �CP varies from �⇡ to ⇡. Four specific �CP

values are labeled for reference. All other oscillation parame-
ters are kept fixed in this graphic, set to their most probable
values from the joint analysis (Extended Data Table III.)

way) which values of �CP are preferred. In contrast, T2K
has less sensitivity to the mass ordering, but points with
similar values of �CP in each hierarchy sit close to one
another, and the data lie closest to �CP = �⇡

2 regard-
less of mass ordering. Combining these data sets can
provide simultaneous mass ordering and �CP information
with substantially less ambiguity, maximizing the utility
of current data and informing data-taking strategies for
current and future experiments.

This discussion points to a more general observation
that the oscillation parameters of interest represent a
highly correlated multidimensional space. The analysis
reported here calculates a joint Bayesian posterior, using
the experiments’ likelihoods defined over the full parame-
ter space. Additionally, we utilize the full suite of analysis
tools from both experiments: detector response models,

neutrino energy estimators, near detector measurements,
and systematic uncertainties, all within a unified frame-
work for statistical inference. This level of integration is
a first for accelerator neutrino experiments.
The posterior calculation is based on detailed parame-

terized models of the neutrino flux, cross sections, and de-
tectors that predict the binned spectra of neutrino events
in each of our selected samples as a function of the os-
cillation parameters and a large number of nuisance pa-
rameters mostly related to systematic uncertainties in
the models. A likelihood is constructed from Poisson
probability terms describing the compatibility between
the prediction and the observed data in bins of relevant
variables. Prior probabilities are set on all parameters as
detailed in the Methods.
Both T2K and NOvA have software that explores

the posterior using Markov chain Monte Carlo (MCMC)
methods [28, 29] (ARIA for NOvA [30] and MaCh3 for
T2K [31]). By containerizing [32] the likelihood and prior
portions of the code, we are able to construct and ana-
lyze the joint posterior using either of the original MCMC
frameworks, despite the very di↵erent software environ-
ments involved. For each fitting framework, ARIA or
MaCh3, the fitter’s native likelihood and priors are cal-
culated directly while the other experiment’s likelihood
and priors are accessed via the software container. In
this way, either framework can be used, providing valu-
able redundancy and thus cross checks of all statistical
inferences.
While a single set of oscillation parameters naturally

applies to both experiments in the joint posterior, the
treatment of the many nuisance parameters related to
systematic uncertainties is more subtle. Both measure-
ments of the oscillation parameters currently have sta-
tistical uncertainties larger than the systematic uncer-
tainties, but the latter are not negligible. We thoroughly
surveyed the flux, cross-section, and detector models and
their systematic uncertainties to determine whether cor-
relations between the experiments a↵ect the analysis at
a significant level. Our conclusions from this e↵ort are
summarized in the following paragraphs.
Both T2K and NOvA use beams produced by di-

recting accelerated protons onto graphite targets. The
hadrons are charge selected with magnetic horns: posi-
tively charged hadrons decay to produce neutrinos and
negatively charged to produce antineutrinos. Many un-
certainties on these beam fluxes stem from processes un-
related between the two experiments, e.g., alignment of
beam components. Yet, uncertainties on the rate of
hadron production in the graphite targets are significant,
and the underlying physics is the same. However, the
two experiments use proton beams of di↵erent energies
(30 GeV for T2K, 120 GeV for NOvA), and the external
data sets used to tune the hadron production models of
both experiments are di↵erent [33–35]. Additionally, the
ultimate impact of flux uncertainties on far detector pre-
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FIG. 1. The impact of mass ordering and �CP on event
rates. A “bi-event” plot that illustrates experimental sensi-
tivity to neutrino mass ordering and �CP, with panels repre-
senting the NOvA (a) and T2K (b) cases. Black points with
1� Poisson statistical error bars show the total number of ⌫e
and ⌫̄e candidates selected in the far detectors. The oval para-
metric curves trace out predicted numbers of events under the
normal (blue) or inverted (orange) mass ordering assumption
as the parameter �CP varies from �⇡ to ⇡. Four specific �CP

values are labeled for reference. All other oscillation parame-
ters are kept fixed in this graphic, set to their most probable
values from the joint analysis (Extended Data Table III.)

way) which values of �CP are preferred. In contrast, T2K
has less sensitivity to the mass ordering, but points with
similar values of �CP in each hierarchy sit close to one
another, and the data lie closest to �CP = �⇡

2 regard-
less of mass ordering. Combining these data sets can
provide simultaneous mass ordering and �CP information
with substantially less ambiguity, maximizing the utility
of current data and informing data-taking strategies for
current and future experiments.

This discussion points to a more general observation
that the oscillation parameters of interest represent a
highly correlated multidimensional space. The analysis
reported here calculates a joint Bayesian posterior, using
the experiments’ likelihoods defined over the full parame-
ter space. Additionally, we utilize the full suite of analysis
tools from both experiments: detector response models,

neutrino energy estimators, near detector measurements,
and systematic uncertainties, all within a unified frame-
work for statistical inference. This level of integration is
a first for accelerator neutrino experiments.
The posterior calculation is based on detailed parame-

terized models of the neutrino flux, cross sections, and de-
tectors that predict the binned spectra of neutrino events
in each of our selected samples as a function of the os-
cillation parameters and a large number of nuisance pa-
rameters mostly related to systematic uncertainties in
the models. A likelihood is constructed from Poisson
probability terms describing the compatibility between
the prediction and the observed data in bins of relevant
variables. Prior probabilities are set on all parameters as
detailed in the Methods.
Both T2K and NOvA have software that explores

the posterior using Markov chain Monte Carlo (MCMC)
methods [28, 29] (ARIA for NOvA [30] and MaCh3 for
T2K [31]). By containerizing [32] the likelihood and prior
portions of the code, we are able to construct and ana-
lyze the joint posterior using either of the original MCMC
frameworks, despite the very di↵erent software environ-
ments involved. For each fitting framework, ARIA or
MaCh3, the fitter’s native likelihood and priors are cal-
culated directly while the other experiment’s likelihood
and priors are accessed via the software container. In
this way, either framework can be used, providing valu-
able redundancy and thus cross checks of all statistical
inferences.
While a single set of oscillation parameters naturally

applies to both experiments in the joint posterior, the
treatment of the many nuisance parameters related to
systematic uncertainties is more subtle. Both measure-
ments of the oscillation parameters currently have sta-
tistical uncertainties larger than the systematic uncer-
tainties, but the latter are not negligible. We thoroughly
surveyed the flux, cross-section, and detector models and
their systematic uncertainties to determine whether cor-
relations between the experiments a↵ect the analysis at
a significant level. Our conclusions from this e↵ort are
summarized in the following paragraphs.
Both T2K and NOvA use beams produced by di-

recting accelerated protons onto graphite targets. The
hadrons are charge selected with magnetic horns: posi-
tively charged hadrons decay to produce neutrinos and
negatively charged to produce antineutrinos. Many un-
certainties on these beam fluxes stem from processes un-
related between the two experiments, e.g., alignment of
beam components. Yet, uncertainties on the rate of
hadron production in the graphite targets are significant,
and the underlying physics is the same. However, the
two experiments use proton beams of di↵erent energies
(30 GeV for T2K, 120 GeV for NOvA), and the external
data sets used to tune the hadron production models of
both experiments are di↵erent [33–35]. Additionally, the
ultimate impact of flux uncertainties on far detector pre-
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FIG. 1. The impact of mass ordering and �CP on event
rates. A “bi-event” plot that illustrates experimental sensi-
tivity to neutrino mass ordering and �CP, with panels repre-
senting the NOvA (a) and T2K (b) cases. Black points with
1� Poisson statistical error bars show the total number of ⌫e
and ⌫̄e candidates selected in the far detectors. The oval para-
metric curves trace out predicted numbers of events under the
normal (blue) or inverted (orange) mass ordering assumption
as the parameter �CP varies from �⇡ to ⇡. Four specific �CP

values are labeled for reference. All other oscillation parame-
ters are kept fixed in this graphic, set to their most probable
values from the joint analysis (Extended Data Table III.)

way) which values of �CP are preferred. In contrast, T2K
has less sensitivity to the mass ordering, but points with
similar values of �CP in each hierarchy sit close to one
another, and the data lie closest to �CP = �⇡

2 regard-
less of mass ordering. Combining these data sets can
provide simultaneous mass ordering and �CP information
with substantially less ambiguity, maximizing the utility
of current data and informing data-taking strategies for
current and future experiments.

This discussion points to a more general observation
that the oscillation parameters of interest represent a
highly correlated multidimensional space. The analysis
reported here calculates a joint Bayesian posterior, using
the experiments’ likelihoods defined over the full parame-
ter space. Additionally, we utilize the full suite of analysis
tools from both experiments: detector response models,

neutrino energy estimators, near detector measurements,
and systematic uncertainties, all within a unified frame-
work for statistical inference. This level of integration is
a first for accelerator neutrino experiments.
The posterior calculation is based on detailed parame-

terized models of the neutrino flux, cross sections, and de-
tectors that predict the binned spectra of neutrino events
in each of our selected samples as a function of the os-
cillation parameters and a large number of nuisance pa-
rameters mostly related to systematic uncertainties in
the models. A likelihood is constructed from Poisson
probability terms describing the compatibility between
the prediction and the observed data in bins of relevant
variables. Prior probabilities are set on all parameters as
detailed in the Methods.
Both T2K and NOvA have software that explores

the posterior using Markov chain Monte Carlo (MCMC)
methods [28, 29] (ARIA for NOvA [30] and MaCh3 for
T2K [31]). By containerizing [32] the likelihood and prior
portions of the code, we are able to construct and ana-
lyze the joint posterior using either of the original MCMC
frameworks, despite the very di↵erent software environ-
ments involved. For each fitting framework, ARIA or
MaCh3, the fitter’s native likelihood and priors are cal-
culated directly while the other experiment’s likelihood
and priors are accessed via the software container. In
this way, either framework can be used, providing valu-
able redundancy and thus cross checks of all statistical
inferences.
While a single set of oscillation parameters naturally

applies to both experiments in the joint posterior, the
treatment of the many nuisance parameters related to
systematic uncertainties is more subtle. Both measure-
ments of the oscillation parameters currently have sta-
tistical uncertainties larger than the systematic uncer-
tainties, but the latter are not negligible. We thoroughly
surveyed the flux, cross-section, and detector models and
their systematic uncertainties to determine whether cor-
relations between the experiments a↵ect the analysis at
a significant level. Our conclusions from this e↵ort are
summarized in the following paragraphs.
Both T2K and NOvA use beams produced by di-

recting accelerated protons onto graphite targets. The
hadrons are charge selected with magnetic horns: posi-
tively charged hadrons decay to produce neutrinos and
negatively charged to produce antineutrinos. Many un-
certainties on these beam fluxes stem from processes un-
related between the two experiments, e.g., alignment of
beam components. Yet, uncertainties on the rate of
hadron production in the graphite targets are significant,
and the underlying physics is the same. However, the
two experiments use proton beams of di↵erent energies
(30 GeV for T2K, 120 GeV for NOvA), and the external
data sets used to tune the hadron production models of
both experiments are di↵erent [33–35]. Additionally, the
ultimate impact of flux uncertainties on far detector pre-
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tivity to neutrino mass ordering and �CP, with panels repre-
senting the NOvA (a) and T2K (b) cases. Black points with
1� Poisson statistical error bars show the total number of ⌫e
and ⌫̄e candidates selected in the far detectors. The oval para-
metric curves trace out predicted numbers of events under the
normal (blue) or inverted (orange) mass ordering assumption
as the parameter �CP varies from �⇡ to ⇡. Four specific �CP

values are labeled for reference. All other oscillation parame-
ters are kept fixed in this graphic, set to their most probable
values from the joint analysis (Extended Data Table III.)

way) which values of �CP are preferred. In contrast, T2K
has less sensitivity to the mass ordering, but points with
similar values of �CP in each hierarchy sit close to one
another, and the data lie closest to �CP = �⇡

2 regard-
less of mass ordering. Combining these data sets can
provide simultaneous mass ordering and �CP information
with substantially less ambiguity, maximizing the utility
of current data and informing data-taking strategies for
current and future experiments.

This discussion points to a more general observation
that the oscillation parameters of interest represent a
highly correlated multidimensional space. The analysis
reported here calculates a joint Bayesian posterior, using
the experiments’ likelihoods defined over the full parame-
ter space. Additionally, we utilize the full suite of analysis
tools from both experiments: detector response models,

neutrino energy estimators, near detector measurements,
and systematic uncertainties, all within a unified frame-
work for statistical inference. This level of integration is
a first for accelerator neutrino experiments.
The posterior calculation is based on detailed parame-

terized models of the neutrino flux, cross sections, and de-
tectors that predict the binned spectra of neutrino events
in each of our selected samples as a function of the os-
cillation parameters and a large number of nuisance pa-
rameters mostly related to systematic uncertainties in
the models. A likelihood is constructed from Poisson
probability terms describing the compatibility between
the prediction and the observed data in bins of relevant
variables. Prior probabilities are set on all parameters as
detailed in the Methods.
Both T2K and NOvA have software that explores

the posterior using Markov chain Monte Carlo (MCMC)
methods [28, 29] (ARIA for NOvA [30] and MaCh3 for
T2K [31]). By containerizing [32] the likelihood and prior
portions of the code, we are able to construct and ana-
lyze the joint posterior using either of the original MCMC
frameworks, despite the very di↵erent software environ-
ments involved. For each fitting framework, ARIA or
MaCh3, the fitter’s native likelihood and priors are cal-
culated directly while the other experiment’s likelihood
and priors are accessed via the software container. In
this way, either framework can be used, providing valu-
able redundancy and thus cross checks of all statistical
inferences.
While a single set of oscillation parameters naturally

applies to both experiments in the joint posterior, the
treatment of the many nuisance parameters related to
systematic uncertainties is more subtle. Both measure-
ments of the oscillation parameters currently have sta-
tistical uncertainties larger than the systematic uncer-
tainties, but the latter are not negligible. We thoroughly
surveyed the flux, cross-section, and detector models and
their systematic uncertainties to determine whether cor-
relations between the experiments a↵ect the analysis at
a significant level. Our conclusions from this e↵ort are
summarized in the following paragraphs.
Both T2K and NOvA use beams produced by di-

recting accelerated protons onto graphite targets. The
hadrons are charge selected with magnetic horns: posi-
tively charged hadrons decay to produce neutrinos and
negatively charged to produce antineutrinos. Many un-
certainties on these beam fluxes stem from processes un-
related between the two experiments, e.g., alignment of
beam components. Yet, uncertainties on the rate of
hadron production in the graphite targets are significant,
and the underlying physics is the same. However, the
two experiments use proton beams of di↵erent energies
(30 GeV for T2K, 120 GeV for NOvA), and the external
data sets used to tune the hadron production models of
both experiments are di↵erent [33–35]. Additionally, the
ultimate impact of flux uncertainties on far detector pre-
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