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• Introduction: how to measure CPV in neutrinos?

• Current experiments: 

• NOvA

• T2K


• Next generation experiments:

• DUNE

• Hyper-Kamiokande


• Novel ideas

• Summary

Outline
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Introduction Claudio Giganti, Neutrino2024

CP violation phase : 
asymmetry between  
oscillations

δCP
ν/ν̄
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Introduction Claudio Giganti, Neutrino2024

The unknown neutrino mass ordering (MO) also contribute to  with matter effects. P(να → νβ) = P(ν̄α → ν̄β) 2

NO IO



Introduction Claudio Giganti, Neutrino2024

The unknown neutrino mass ordering (MO) also contribute to  with matter effects. P(να → νβ) = P(ν̄α → ν̄β)

 octant also affects the 
size of the asymmetry
θ23
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Accelerator-based Neutrino Oscillation Experiments

• Accelerators are capable of producing  beams. 


•  appearance measurements offer sensitivity to 


•  disappearance measurements help constraining 

νμ/ν̄μ

νe/ν̄e δCP

νμ/ν̄μ θ23
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Accelerator-based Neutrino Oscillation Experiments

• Accelerators are capable of producing  beams. 


•  appearance measurements offer sensitivity to 


•  disappearance measurements help constraining 

νμ/ν̄μ

νe/ν̄e δCP

νμ/ν̄μ θ23

Detector requirements 

• Near detectors to control flux/xsec systematics etc. 

• Large-mass far detector for statistics 

• Capability of flavor identification.
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Accelerator-based Neutrino Oscillation Experiments

• Accelerators are capable of producing  beams. 


•  appearance measurements offer sensitivity to 


•  disappearance measurements help constraining 

νμ/ν̄μ

νe/ν̄e δCP

νμ/ν̄μ θ23

Detector requirements 

• Near detectors to control flux/xsec systematics etc. 

• Large-mass far detector for statistics 

• Capability of flavor identification.

Where is your data?
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Accelerator-based Neutrino Oscillation Experiments

• Shape measurements help breaking the degenracy between , MO and . δCP θ23 4

Example of DUNE
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• IceCube transformed 1 cubic 
km of Antarctic ice into a 
Cherenkov neutrino detector 


• Optical sensors are 
embedded in the ice greater 
than 1.5 km below the surface 

• DeepCore provides visibility of 
neutrino events at lower 
energies (3 GeV - 100 GeV) 

The IceCube Neutrino Observatory

Maria Prado Rodriguez NuFACT 2023 - Seoul, South Korea

• Atmospheric neutrino experiments have limited CP 
sensitivity:


• Both  in the flux with large uncertainties;


• Difficult to identify  in massive water detectors.

• But offers MO measurement that is helpful to break the 

degeneracy between MO and CP.

• T2K + Super-K; Hyper-K accelerator + atmospheric

ν/ν̄
ν/ν̄

Atmospheric Neutrino Experiments

KM3NeT IceCube
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Current Experiments



• 14 kton segmented LS detector. 

• 810 km baseline. 


•  flux peak at 2 GeV


• 290 ton ND for systematic cancellation. 

νμ/ν̄μ
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NOvA

Mayly Sanchez - ISU

T H E  N O VA  D E T E C T O R S

!8

14 kton Far Detector (FD), low-Z, 
tracking calorimeter.  

810 km from source, on the 
surface, 3 m.w.e. overburden. 

65% active detector mass

0.3 kton Near Detector  (ND) 

1 km from source, 100 m depth.

PVC extrusions + Liquid Scintillator 

Layered planes of orthogonal views with 6-cm 
cells. Readout via WLS fibers to APDs.  

0.15 X0 per layer, excellent for e-identification.

Detector response simulation has been significantly 
improved with the addition of Cherenkov light, 
reducing larger uncertainties of previous results.

Mayly Sanchez - ISU

N O VA  E V E N T  T O P O L O G I E S  
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Joint Analysis Results                               Zoya Vallari, Caltech                       Feb 16, 2024

NOvA Detectors

§ NOvA’s ND and FD are functionally identical segmented liquid scintillator 
detectors.
§ ND: ~290 t and ~100 m underground
§ FD:  ~14 kt and on the surface

23

You 
are here

NOvA FD



NOvA

• Both  appearance and  
disappearance channels


• Similar far/near detectors allows for 
near-to-far extrapolation. 

• Systematic uncertainties largely 

reduced by near detector 
constraints. 

νe/ν̄e νμ/ν̄μ
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NOvA
PHYSICAL REVIEW LETTERS 136, 011802 (2026)

that describe the data well will have values close to 0.5 [83].
With the 1D Daya Bay constraint on θ13, the total PPP
across all data samples is 0.48, indicating good agreement
between the data and the model. The PPP does not change
significantly when either no external constraint on θ13 is
used or when the two-dimensional sin2 2θ13–Δm2

32 con-
straint from Daya Bay is applied [62].
The NOvA data lie in the degenerate region of parameter

space which can be accommodated within either MO by
varying the preferred values of δCP, as shown in Fig. 3.
Bayes factors, representing ratios of posterior probabilities
between two hypotheses, are used here to represent how
much more probable one model is over another. Bayes
factors for the preference of CP violation over CP con-
servation were extracted using the Savage-Dickey method
[90,91] based on the Jarlskog invariant [92], with Jarlskog
invariant of 0 representing CP conservation. The Bayes
factors for CP violation are 1.1 (containing 51% of the
posterior probability) in the normal MO and 4.3 (81%) in
the inverted MO, and remain compatible with both CP
conservation and CP violation.
This analysis reports the most precise single-experiment

measurements of Δm2
32, achieving a fractional uncertainty

of 1.5%. This improved precision provides an additional
lever for probing the neutrino MO [93,94]. Reactor and
long-baseline accelerator measurements of Δm2

32 should
agree only under the correct MO hypothesis. Figure 4
shows a comparison of the NOvA and the 2D Daya Bay

constraints in the sin2 2θ13 − Δm2
32 plane under the two

MO hypotheses, with somewhat better agreement in the
normal MO. Without any external θ13 constraint, NOvA
data show a slight preference for normal MO vs inverted
MO, with a Bayes factor of 2.4 (70% of posterior
probability in favor of normal MO over inverted MO
hypothesis). Applying the 1D sin2 θ13 constraint from
Daya Bay [61], this preference increases to 3.3 (77%).
When a 2D sin2 θ13 − Δm2

32 constraint from Daya Bay is
applied, the preference strengthens further to 6.6 (87%).
The posterior probability distributions for each are shown
in the Supplemental Material [62], and the data release is
available at [95].
To conclude, NOvA has reported improved constraints

on δCP, θ13, θ23, and Δm2
32 with 10 years of data collected

with neutrino and antineutrino beams using enhanced
analysis techniques. Notably, NOvA now provides the
most precise measurement ofΔm2

32 to date, with a precision
of 1.5%. This enhanced precision in measuring Δm2

32

enables the complementarity between accelerator and
reactor experiments to be leveraged by incorporating a
2D sin2 θ13 − Δm2

32 constraint from Daya Bay, strengthen-
ing the preference for the normal MO to 87%. Additional
data from current and upcoming neutrino oscillation experi-
ments will help resolve degeneracies, enabling a definitive
determination of the MO and the potential discovery of CP
violation in the lepton sector. High-precision measurements
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prediction with all the parameters fixed at the NOvA best-fit,
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the MO preference.
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• 10 years of data published in 2026.

• Degeneracy between CP and MO: 


• Best fit values:  in NO, no exclusion of  or ,  but  in IOδCP = π π/2 3π/2 3π/2
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T2K
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T2K

• Flux, cross-section uncertainties 
reduced by near-detector fit. 


• Correlate flux and cross-section to 
predict expected spectra at the Far 
Detector
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T2K

342 | Nature | Vol 580 | 16 April 2020

Article

error of 3.9 × 10−5 eV2/c4 on the m∆ 32
2  interval. More details of the sys-

tematic uncertainties on neutrino interaction modelling can be found 
in the Methods.

The observed number of events at SK can be seen in Fig. 1. The  
probability of observing an excess over prediction in one of our five 
samples at least as large as that seen in the electron-like charged  
pion sample is 6.9%, assuming the best-fit value of the oscillation  
parameters. We find that the data shows a preference for the  
normal mass ordering with a posterior probability of 89%, giving  
a Bayes factor of 8. We find θsin = 0.532

23 −0.04
+0.03  for both mass  

orderings. Assuming the normal (inverted) mass ordering we find 
m c∆ = (2.45 ± 0.07) × 10 eV /32

2 −3 2 4   m c(∆ = (2.43 ± 0.07) × 10 eV / )13
2 −3 2 4 . 

For δCP our best-fit value and 68% (1σ) uncertainties assuming the  
normal (inverted) mass ordering are −1.89 ( − 1.38 )−0.58

+0.70
−0.54
+0.48 , with  

statistical uncertainty dominating. Our data show a preference for 
values of δCP that are near maximal CP violation (see Fig. 4), while  

both CP conserving points, δCP = 0 and δCP = %, are ruled out at the 95% 
confidence level. Here we also produce 99.73% (3σ) confidence and 
credible intervals on δCP. In the favoured normal ordering the  
confidence interval contains [−3.41, −0.03] (excluding 46% of the 
parameter space). We have investigated the effect of the excess seen 
in the 1e1de sample on this interval and find that had the observed 
number of events in this sample been as expected for the best-fit 
parameter values the interval would have contained [−3.71, 0.17] 
(excluding 38% of parameter space). In the inverted ordering the  
confidence interval contains [−2.54, −0.32] (excluding 65% of the 
parameter space). The 99.73% credible interval marginalized across 
both mass orderings contains [−3.48, 0.13] (excluding 42% of the 
parameter space). The CP-conserving points are not both excluded 
at the 99.73% level. However, this experiment has reported closed 
99.73% (3σ) intervals on the CP-violating phase δCP (taking into account 
both mass orderings), and a large range of values around +%/2 are 
excluded.
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Fig. 4 | Constraints on PMNS oscillation parameters. a, Two-dimensional 
confidence intervals at the 68.27% confidence level for δCP versus sin2θ13 in the 
preferred normal ordering. The intervals labelled T2K only indicate the 
measurement obtained without using the external constraint on sin2θ13, 
whereas the T2K + reactor intervals do use the external constraint. The star 
shows the best-fit point of the T2K + reactors fit in the preferred normal mass 
ordering. b, Two-dimensional confidence intervals at the 68.27% and 99.73% 
confidence level for δCP versus sin2θ23 from the T2K + reactors fit in the normal 
ordering, with the colour scale representing the value of negative two times the 
logarithm of the likelihood for each parameter value. c, One-dimensional 
confidence intervals on δCP from the T2K + reactors fit in both the normal and 
inverted orderings. The vertical line in the shaded box shows the best-fit value 
of δCP, the shaded box itself shows the 68.27% confidence interval, and the error 
bar shows the 99.73% confidence interval. We note that there are no values in 
the inverted ordering inside the 68.27% interval.

Fig. 3 | Event prediction model tuning to near-detector data.  
a, b, Reconstructed muon momentum in two of the ND280 CCQE-like event 
samples for both neutrino (a) and antineutrino (b) beam mode. The prediction 
with all parameters set to their best-fit value from a fit to the ND280 data are 
shown by the coloured histograms, split into true neutrino CCQE, antineutrino 
CCQE, neutral current and all other interactions. The dashed line shows the 
prediction before a fit to the ND280 data. The vertical error bars on the data 
represent the standard deviation due to statistical uncertainty. c, The ratio of 
the observed data to the best-fit Monte Carlo prediction in both neutrino-mode 
and antineutrino-mode samples.
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• Prefer near-maximum CP violation in NO.

• CP conservation excluded by ~3σ in NO.
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T2K
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FIG. 4. The change in the best-fit χ2 observed in the frequentist

PHYSICAL REVIEW LETTERS 135, 261801 (2025)

• 2025 update with additional event sample ( CC1 ) and improved systematics.νμ π+
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NOvA+T2K

• NOvA and T2K are complimentary:

• NOvA: higher energy, longer baseline, larger matter effects: more sensitive to MO;

• T2K: lower energy, shorter baseline, smaller matter effects: more focus on CP. 

• Different interaction channels, final-state topologies etc. 

 (GeV)Eν
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NOvA+T2K

• text

14

• Different experimental configurations help breaking the degeneracy.



NOvA+T2K

• NOvA and T2K are share systematic uncertainty sources:

• Flux uncertainties from hadron production modeling etc. 

• Neutrino cross sections (ν-CH, ν-H2O).


• A joint analysis is more powerful than global fit. 
15



NOvA+T2K

• NOvA and T2K have very different detector technologies, and as a result, very different analysis 
approaches

16
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detector response (for example, energy reconstruction and event selec-
tion efficiencies).

Two such experiments are in operation today, T2K and NOvA. Each 
experiment uses a narrow-band off-axis beam23,24, whose peak energy 

is near the first oscillation maximum, ⎛
⎝
⎜

⎞
⎠
⎟sin ≈ 1

m L

E
2 ∆

4
32
2

, at the far detec-

tor. Note that natural units, where ħ = c = 1, are used throughout. T2K 
uses an approximately 0.6 GeV neutrino beam from J-PARC in Tokai, 
Japan, and the 50-kt Super-Kamiokande water Cherenkov detector for 
its far detector located 295 km away25. In the United States, an approx-
imately 2 GeV beam of NOvA is produced at Fermilab near Chicago, 
and the 14-kt tracking calorimeter far detector is located 810 km away 
in northern Minnesota26. Further details on the designs of NOvA and 
T2K and on long-baseline experiments can be found in the Methods 
and refs. 25–27.

We report here a combined analysis of the datasets from T2K and 
NOvA previously analysed independently in refs. 13,14. This combina-
tion takes advantage of marked complementarity in the sensitivities 
of the two experiments to the oscillation parameters. In particular, 

the %µ → νe oscillation probability is a function of (among other things) 
both δCP and the neutrino mass ordering, and these two effects must 
be teased apart.

Figure 1 shows the complementarity between the experiments in a 
simplified case. Sets of oval curves indicate the energy-integrated total 
νe and νe event counts expected in the far detectors under various mass 
ordering and δCP scenarios, with other oscillation parameters held 
fixed. The measured event counts in NOvA and T2K are shown as black 
points with error bars.

As shown in Fig. 1a, there is stronger separation between the mass 
ordering ovals for NOvA, because of higher beam energies, but as the 
NOvA data lie near the overlap of the ellipses, there can be ambiguity 
as to which ordering is correct and (in a correlated way) which values 
of δCP are preferred. By contrast, T2K has less sensitivity to the mass 
ordering, but points with similar values of δCP in each hierarchy sit close 
to one another, and the data lie closest to δ = − π

CP 2 , regardless of mass 
ordering. Combining these datasets can provide simultaneous mass 
ordering and δCP information with substantially less ambiguity, maxi-
mizing the use of current data and informing data-taking strategies 
for current and future experiments.

This discussion points to a more general observation that the oscilla-
tion parameters of interest represent a highly correlated multidimen-
sional space. The analysis reported here calculates a joint Bayesian 
posterior, using the likelihoods of the experiments defined over the 
full parameter space. Moreover, we use the full suite of analysis tools 
from both experiments: detector response models, neutrino energy 
estimators, near-detector measurements and systematic uncertain-
ties, all within a unified framework for statistical inference. This level 
of integration is the first for accelerator neutrino experiments, to our 
knowledge.

The posterior calculation is based on detailed parameterized mod-
els of the neutrino flux, cross-sections and detectors that predict the 
binned spectra of neutrino events in each of our selected samples as a 
function of the oscillation parameters and a large number of nuisance 
parameters 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) methods28,29 (ARIA for NOvA30 and 
MaCh3 for T2K31). By containerizing32 the likelihood and prior portions 
of the code, we can construct and analyse the joint posterior using 
either of the original MCMC frameworks, in spite of the very different 
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Fig. 1 | The impact of mass ordering and δCP on event rates. a,b, A bi-event plot 
that shows experimental sensitivity to neutrino mass ordering and δCP, with 
panels representing the NOvA (a) and T2K (b) cases. Black points with 1σ Poisson 
statistical error bars show the total number of νe and νe candidates selected in 
the far detectors. The oval parametric curves trace out predicted numbers of 
events under the normal (blue) or inverted (orange) mass ordering assumption 
as the parameter δCP varies from −( to (. Four specific δCP values are labelled for 
reference. All other oscillation parameters are kept fixed in this graphic, set to 
their most probable values from the joint analysis (Extended Data Table 3).
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22 . The measurements assume 

the inverted ordering preferred by this analysis. Sources for the results from 
top to bottom, starting with the second line, are as follows: refs. 13,14,43–49. The 
normal ordering case is available in Extended Data Fig. 9.
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detector response (for example, energy reconstruction and event selec-
tion efficiencies).

Two such experiments are in operation today, T2K and NOvA. Each 
experiment uses a narrow-band off-axis beam23,24, whose peak energy 

is near the first oscillation maximum, ⎛
⎝
⎜

⎞
⎠
⎟sin ≈ 1

m L

E
2 ∆

4
32
2

, at the far detec-

tor. Note that natural units, where ħ = c = 1, are used throughout. T2K 
uses an approximately 0.6 GeV neutrino beam from J-PARC in Tokai, 
Japan, and the 50-kt Super-Kamiokande water Cherenkov detector for 
its far detector located 295 km away25. In the United States, an approx-
imately 2 GeV beam of NOvA is produced at Fermilab near Chicago, 
and the 14-kt tracking calorimeter far detector is located 810 km away 
in northern Minnesota26. Further details on the designs of NOvA and 
T2K and on long-baseline experiments can be found in the Methods 
and refs. 25–27.

We report here a combined analysis of the datasets from T2K and 
NOvA previously analysed independently in refs. 13,14. This combina-
tion takes advantage of marked complementarity in the sensitivities 
of the two experiments to the oscillation parameters. In particular, 

the %µ → νe oscillation probability is a function of (among other things) 
both δCP and the neutrino mass ordering, and these two effects must 
be teased apart.

Figure 1 shows the complementarity between the experiments in a 
simplified case. Sets of oval curves indicate the energy-integrated total 
νe and νe event counts expected in the far detectors under various mass 
ordering and δCP scenarios, with other oscillation parameters held 
fixed. The measured event counts in NOvA and T2K are shown as black 
points with error bars.

As shown in Fig. 1a, there is stronger separation between the mass 
ordering ovals for NOvA, because of higher beam energies, but as the 
NOvA data lie near the overlap of the ellipses, there can be ambiguity 
as to which ordering is correct and (in a correlated way) which values 
of δCP are preferred. By contrast, T2K has less sensitivity to the mass 
ordering, but points with similar values of δCP in each hierarchy sit close 
to one another, and the data lie closest to δ = − π

CP 2 , regardless of mass 
ordering. Combining these datasets can provide simultaneous mass 
ordering and δCP information with substantially less ambiguity, maxi-
mizing the use of current data and informing data-taking strategies 
for current and future experiments.

This discussion points to a more general observation that the oscilla-
tion parameters of interest represent a highly correlated multidimen-
sional space. The analysis reported here calculates a joint Bayesian 
posterior, using the likelihoods of the experiments defined over the 
full parameter space. Moreover, we use the full suite of analysis tools 
from both experiments: detector response models, neutrino energy 
estimators, near-detector measurements and systematic uncertain-
ties, all within a unified framework for statistical inference. This level 
of integration is the first for accelerator neutrino experiments, to our 
knowledge.

The posterior calculation is based on detailed parameterized mod-
els of the neutrino flux, cross-sections and detectors that predict the 
binned spectra of neutrino events in each of our selected samples as a 
function of the oscillation parameters and a large number of nuisance 
parameters 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) methods28,29 (ARIA for NOvA30 and 
MaCh3 for T2K31). By containerizing32 the likelihood and prior portions 
of the code, we can construct and analyse the joint posterior using 
either of the original MCMC frameworks, in spite of the very different 
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reference. All other oscillation parameters are kept fixed in this graphic, set to 
their most probable values from the joint analysis (Extended Data Table 3).
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Fig. 2 | Experimental measurements of ∆m3322
22 . The measurements assume 

the inverted ordering preferred by this analysis. Sources for the results from 
top to bottom, starting with the second line, are as follows: refs. 13,14,43–49. The 
normal ordering case is available in Extended Data Fig. 9.

NOvA+T2K

• NOvA and T2K data show different preferences in  δCP
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software environments involved. For each fitting framework, ARIA 
or MaCh3, the native likelihood and priors of the fitter are calculated 
directly, whereas the likelihood and priors of other experiments are 
accessed using the software container. In this way, either framework 
can be used, providing valuable redundancy and thus cross-checks of 
all statistical inferences.

Although 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 measurements of the oscillation parameters at present have sta-
tistical uncertainties larger than the systematic uncertainties, but the 
latter are not negligible. We thoroughly surveyed the flux, cross-section 
and detector models and their systematic uncertainties to determine 
whether correlations between the experiments affect the analysis at 
a significant level. Our conclusions from this effort are summarized in 
the following paragraphs.

Both T2K and NOvA use beams produced by directing accelerated 
protons onto graphite targets. The hadrons are charge-selected with 
magnetic horns: positively charged hadrons decay to produce neu-
trinos, and negatively charged hadrons produce antineutrinos. Many 
uncertainties on these beam fluxes stem from processes unrelated 
between the two experiments, for example, the alignment of beam 
components. Yet, uncertainties on the rate of hadron production in 
the graphite targets are substantial, and the underlying physics is the 
same. However, the two experiments use proton beams of different 
energies (30 GeV for T2K and 120 GeV for NOvA), and the external data-
sets used to tune the hadron production models of both experiments 
are different33–35. Moreover, the ultimate impact of flux uncertain-
ties on far-detector predictions in NOvA is much smaller than other 
uncertainties. We, therefore, conclude that at current experimental 
exposures, the flux uncertainties of the two experiments need not 
be correlated.

Given the different detector technologies involved, most detector- 
related uncertainties are independent between the experiments. 
Furthermore, the very different energy estimation techniques used, 
combined with model tuning and uncertainty estimation using in situ 
calibration samples in each experiment, including for the lepton and 
neutron energy scales, lead to independence between the two detector 

uncertainty models. We conclude that there are no significant correla-
tions in the detector models.

For neutrino-on-nucleus cross-sections, the underlying physics is the 
same; in many cases, the same external datasets are used by both experi-
ments to tune and set prior uncertainties on model parameters. Thus, 
cross-section model correlations are expected. However, in the specific 
case of NOvA and T2K, the description of this physics differs markedly. 
The simulation packages differ36,37, the physical models implemented in 
them differ in many places, the parameterizations differ almost entirely, 
and customized tunings are necessary and applied, given the specific 
energies of the experiments, detector technologies and approaches 
to systematic uncertainty mitigation.

Proper correlations between experiments could be implemented 
by starting from a common cross-section model spanning different 
energy ranges and able to describe both the leptonic and hadronic parts 
of the final state. A joint description is not yet mature and is one of the 
focuses of the community in the years to come38. Given the differences 
in the models, a direct mapping of their parameters was deemed not 
practical at this time. Instead, we studied whether neglecting these 
correlations could appreciably affect our measurements of the oscil-
lation parameters. The studies are limited to our current experimental 
exposures and models and would need re-evaluation if applied to any 
other context.

First, we assessed whether correlations between single systematic 
parameters in our models could have a substantial impact on our 
results. For each of m∆ 32

2 , θ23 and δCP, we identified the systematic 
parameter in each experiment with the largest impact on the measure-
ment of that oscillation parameter. Then, regardless of whether those 
two systematic parameters made physical sense to correlate, we per-
formed fits to simulated pseudo-data with the parameters fully cor-
related, uncorrelated and fully anticorrelated. Details of these studies, 
including how we identified the most impactful parameters, are shown 
in the Methods. In summary, we saw no case in which the choice of 
correlation of individual systematic parameters significantly affected 
the oscillation parameter measurements.

Checking individual parameters does not rule out effects from a 
mix of systematic parameter variations that combine to produce a 
net effect that is larger and possibly more degenerate with oscillation 
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Fig. 3 | Constraints on θsin 2
23 and δCP. Marginalized posterior probabilities 

and 1D or 2D Bayesian credible regions of θsin2
23 and δCP in the case of the 

normal (blue, left side) and inverted (orange, right side) neutrino mass ordering 
with the reactor constraint applied. Shaded areas correspond to 1σ, 2σ and 3σ 
credible regions. a,b, The 2D panels of θsin2

23 vs δCP (a,b) are overlaid with 1σ 

credible regions from the T2K-only (dark red) and NOvA-only (dark blue) data 
fits assuming normal (a) and inverted ordering (b). c–f, The 1D panels show  
the posterior probabilities of θsin2

23 (c) and δCP (d) in the normal ordering, and 
δCP (e) and θsin2

23 (f) in the inverted ordering.

NOvA+T2K

• Joint NOvA and T2K analysis prefers   in IO, but not in NO. δCP = − π
2 18



Next Generation Experiments



DUNE

NuFACT2023 - DUNE7

LArTPC technology enables E
ν
 

reconstruction over broad range

● Identify as νe CC from electromagnetic shower

● Measure Eν by summing the energy of the electron and hadrons → 

calorimetric reconstruction does not assume interaction topology

LArTPC Event Display

19
• Wide band neutrino flux covering 1st 

and 2nd oscillation maxima. 
• Designed with 40kton LArTPC for 

accurate reconstruction and PID.



DUNE

• The DUNE flux covers two oscillation maximums, allowing shape measurement to break the 
degeneracy. 20



DUNE

• Phased construction:

• Phase I: 2 LArTPC modules (17 kton each), 1.2 MW beam, LArTPC + SAND ND, finish by 2031;

• Phase II: 2 additional modules, > 2 MW beam, ND upgrade.

21
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DUNE

22

• if , >3σ CPV sensitivity in 3.5 years


• Over 75% of  values at >3σ in the longer term.


• Ultimate precision 6-16° in 

δCP = − π/2
δCP

δCP



Hyper-Kamiokande

• 258 kton water-Cherenkov detector (8 X Super-K)

• 295 km baseline length. 

• 1.3 MW neutrino beam. 

• Small matter effect and large CPV effect. 

• Aiming for operation in 2028.

23

Charlie Nasty, Nufact 2023



Hyper-Kamiokande

• Assuming MO is known, 5σ in 3 years with maximum CPV, exclude 50%  
CP with 5σ in 5 years.  

24



Hyper-Kamiokande

• Atmospheric neutrinos can help if MO is not known. 

NO IO

25



Novel Ideas



MOMENT sensitivity to 
arXiv:1909.01548v

δCP

MOMENT: a muon-decay medium-
baseline neutrino beam facility

Possible Accelerator Neutrino Experiments in China

26



Possible Accelerator Neutrino Experiments in China

“PROMPT”: Tang et al., Commun.TheorPhys. 74 (2022) 3, 035201

1736 km

27

Li et al., Commun.Phys. 7 (2024) 1, 137



Shao-Feng Ge (TDLI/SJTU) Neutrino CP @ HIAF + JUNO,  [Apr/21, 2025]宇1 13

HIAF to JUNO

Baseline ~ 260 km
Shao-Feng Ge (TDLI/SJTU) Neutrino CP @ HIAF + JUNO,  [Apr/21, 2025]宇1 16

HIAF Flux

Beam 
Power 
(MW)

Beam 
Energy 
(GeV)

Flux 
Intensity 

(ppp)

Frequency 
(Hz)

Duty 
Factor

POT/year

T2HK 1.3 30 3.2*1014 0.86 0.32 2.7*1021

DUNE 1.2 120 7.5*1013 0.83 0.56 1.1*1021

HIAF_U 4.8 25 4*1014 3 1 3.8*1022

[arXiv: 1805.04163 (T2HK)
 arXiv: 2103.04797 (DUNE)]

HIAF + JUNO

28
Shao-Feng Ge (TDLI/SJTU) Neutrino CP @ HIAF + JUNO,  [Apr/21, 2025]宇1 25

Optimized CP Sensitivity

• Neutrino beam can be optimized to 
reduce uncertainty at maximum CPV.

Idea by Shaofeng Ge



Muon Decay at Rest (μDAR)

• Combine traditional accelerator  with   from muon decay at rest ( )


• Accelerator remains in neutrino mode with higher efficiency


• Well-predicted  flux from μDAR


• Very different energy/baseline break degeneracy.

• Could improve precision for DUNE and Hyper-K.

νμ ν̄μ μ+ → e+ν̄μν̄e

ν̄μ

Shao-Feng Ge (TDLI/SJTU) Neutrino CP @ HIAF + JUNO,  [Apr/21, 2025]宇1 29

TNT2K

Evslin, SFG, Hagiwara [1506.05023]

SFG, Pasquini, Tortola, Valle [1605.01670]

SFG, Smirnov [1607.08513]

Harnik, Kelly & Machado [1911.05088]

Ciuffoli, Evslin & Zhang [1401.3977]
Smirnov, Hu, Li & Ling [1802.03677, 1808.03795]Shao-Feng Ge (TDLI/SJTU) Neutrino CP @ HIAF + JUNO,  [Apr/21, 2025]宇1 29

TNT2K

Evslin, SFG, Hagiwara [1506.05023]

SFG, Pasquini, Tortola, Valle [1605.01670]

SFG, Smirnov [1607.08513]

Harnik, Kelly & Machado [1911.05088]

Ciuffoli, Evslin & Zhang [1401.3977]
Smirnov, Hu, Li & Ling [1802.03677, 1808.03795]

Shaofeng Ge, Nuovo Cim.C 47 (2024) 6, 365
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Summary

• Current data is still not sufficient to claim neutrino CPV. 


• DUNE/Hyper-K have very good opportunities to solve neutrino CPV is nature is kind.


• New ideas keep emerging. 
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