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sub-GeV energy range. The matter effects depend on the
neutrino trajectory along Earth and create a dependence on
the CP effects with the neutrino direction.
As the neutrino energy rises, the matter effects become

more important. At the GeV energy scale and for trajecto-
ries crossing the mantle, there is an enhancement of the
effective mixing angle θ̃13 due to the coherent-forward
elastic scattering of the neutrinos with the electrons in
Earth, the so-called MSW effect [7,156]. The matter-
modified mixing angle is given by

sin 2θ̃13 ¼
sin 2θ13ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðcos θ13 − 2EV=Δm2
31Þ2 þ sin2 2θ13

p : ð6Þ

For energies around 6 GeV and densities around 5 g=cm3,
sin 2θ̃13 becomes maximal, giving rise to an enhancement

of the flavor conversion; see in Fig. 11. The location of the
resonance is controlled by sin2 θ13 for a given value of
Δm2

31, providing sensitivity to this angle. As sin2 θ13
becomes larger, the resonance moves to lower energies
and densities. The opposite happens if sin2 θ13 becomes
smaller, and we need larger energies and densities to meet
the resonant condition. For very small values of sin2 θ13, the
oscillation length at the resonance becomes larger than the
size of Earth [141], making it impossible to get a large
flavor conversion with atmospheric neutrinos, as is the case
with the blue line in Fig. 11.
Beyond the MSW effect, at energies around 1 GeV, the

oscillation is enhanced for some trajectories crossing
Earth’s core and mantle due to the matter distribution,
the so-called parametric resonance [67,157–168]. Both
types of resonances happen for neutrinos if the mass
ordering is normal and for antineutrinos in the case of
inverted ordering, as shown in Figs. 8 and 9. The
differences in the flux and the cross section for both
fermions bring the possibility to measure the neutrino
mass ordering using atmospheric neutrinos.
In the multi-GeV scale, the neutrino oscillation length

gets longer, and the neutrino oscillation is dominated
byΔm2

31 and θ23. The first oscillation minimum for Pðνμ →
νμÞ happens at E ∼ 20 GeV for baselines that cross Earth;
see Fig. 8. The energies where that oscillation minimum
happens depend on jΔm2

31j, and the oscillation amplitude is
controlled by sin2 2θ23, as shown in Fig. 12 [169]. It is
important to notice that the octant of θ23 can be measured
with atmospheric neutrinos in two ways as shown in
Fig. 12: similar to LBL experiments through the elec-
tron-appearance channel as it is proportional to sin2 θ23,
Equation (4), and through muon disappearance as matter
effects break its dependence with sin 2θ23 due to the
enhancement of sin 2θ̃13.

FIG. 10. Electron- (top) and muon- (bottom) appearance
probabilities for cosðθzenÞ ¼ −0.85. We show the impact of
δCP in both oscillation channels. The fast oscillations are smeared
assuming a Gaussian uncertainty of 5% E=GeV.

FIG. 11. Electron-appearance probability for different values of
sin2 θ13. The neutrino direction is fixed to cosðθzenÞ ¼ −0.85.
The fast oscillations that happen for E ∼ GeV are smeared
assuming a Gaussian uncertainty of 5% E=GeV.
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a phase-convention invariant measure of CP violation. In the standard parametrization
of the PMNS matrix

U =

⎛

⎝
1 0 0
0 c23 s23
0 −s23 c23

⎞

⎠

⎛

⎝
c13 0 s13e−iδCP

0 1 0
−s13eiδCP 0 c13

⎞

⎠

⎛

⎝
c12 s12 0
−s12 c12 0
0 0 1

⎞

⎠ (1.1.30)

cij ≡ cos θij (1.1.31)

sij ≡ sin θij (1.1.32)

this is proportional to sin δCP (and sines and cosines of the three mixing angles θ12, θ23,
θ13). Since this CP violation term is just the last term in the oscillation formula (1.1.22),
it is in principle possible to constrain δCP without preparing an anti-neutrino beam, by
measuring the energy-dependency of the appearance probability.

CP violation in neutrino oscillation demands three neutrino flavors as can be shown
by counting the number of CP violating complex phases (evidently J = 0 if U is real).
The PMNS matrix U is an element of U(N), which has N2 degrees of freedom (N2 − 1
from the traceless hermitian generators and one overall U(1) phase). U(N) contains the
(real) orthogonal matrices O(N) with N(N − 1)/2 degrees of freedom. This leaves us
with N(N + 1)/2 complex phases. We can now try to write U as a sandwich product of
2N diagonal phases and an O(N) core:

Uαi
?
= exp(iφα)Rαi exp(iψi) (R ∈ O(N)) (1.1.33)

where the equality holds if the number of independent degrees of freedom is N2. Such
diagonal phases are CP conserving (in fact have no effect on neutrino oscillation at all):

U∗
αiUβiUαjU

∗
βj = RαiRβiRαjRβj ∈ R. (1.1.34)

So we may think the number of CP violating phases for U(N) is max{N(N + 1)/2− 2N, 0}
(0, 0, 2, 5, . . . for N = 2, 3, 4, 5, . . .), requiring N ≥ 4 generations for CP violation. How-
ever, one overall phase of φα and ψi commutes with R (it’s just a c-number) and is thus
degenerate. The number of independent complex diagonal phases is therefore reduced by
1. This means the number of CP violating phases really is

#CPV = max

{
N(N − 3)

2
+ 1, 0

}
(1.1.35)

(#CPV = 0, 1, 3, 6, . . . for N = 2, 3, 4, 5, . . .) and CP violation in neutrino oscillation
becomes possible with N ≥ 3 generations. The diagonal phases that we were able to
ignore for neutrino oscillation (called Majorana phases), can still have a physical meaning
if the neutrino is Majorana, and play a role in neutrino-less double-beta decay.

The discussion above was given by Kobayashi and Maskawa [12] to explain the already
observed CP violation in the quark sector by introducing a third generation of quarks.
The mixing matrix is called the Cabibbo-Kobayashi-Maskawa (CKM) matrix and has
very small mixing angles unlike the PMNS matrix. This causes a very small value of the
Jarlskog constant J = (3.18± 0.15)× 10−5 [13]. When studying the impact on the size of
the baryon asymmetry of the universe (BAU) we get additional factors of squared mass
differences (m2

t −m2
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θ13). Since this CP violation term is just the last term in the oscillation formula (1.1.22),
it is in principle possible to constrain δCP without preparing an anti-neutrino beam, by
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becomes possible with N ≥ 3 generations. The diagonal phases that we were able to
ignore for neutrino oscillation (called Majorana phases), can still have a physical meaning
if the neutrino is Majorana, and play a role in neutrino-less double-beta decay.

The discussion above was given by Kobayashi and Maskawa [12] to explain the already
observed CP violation in the quark sector by introducing a third generation of quarks.
The mixing matrix is called the Cabibbo-Kobayashi-Maskawa (CKM) matrix and has
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this is proportional to sin δCP (and sines and cosines of the three mixing angles θ12, θ23,
θ13). Since this CP violation term is just the last term in the oscillation formula (1.1.22),
it is in principle possible to constrain δCP without preparing an anti-neutrino beam, by
measuring the energy-dependency of the appearance probability.

CP violation in neutrino oscillation demands three neutrino flavors as can be shown
by counting the number of CP violating complex phases (evidently J = 0 if U is real).
The PMNS matrix U is an element of U(N), which has N2 degrees of freedom (N2 − 1
from the traceless hermitian generators and one overall U(1) phase). U(N) contains the
(real) orthogonal matrices O(N) with N(N − 1)/2 degrees of freedom. This leaves us
with N(N + 1)/2 complex phases. We can now try to write U as a sandwich product of
2N diagonal phases and an O(N) core:

Uαi
?
= exp(iφα)Rαi exp(iψi) (R ∈ O(N)) (1.1.33)

where the equality holds if the number of independent degrees of freedom is N2. Such
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degenerate. The number of independent complex diagonal phases is therefore reduced by
1. This means the number of CP violating phases really is
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becomes possible with N ≥ 3 generations. The diagonal phases that we were able to
ignore for neutrino oscillation (called Majorana phases), can still have a physical meaning
if the neutrino is Majorana, and play a role in neutrino-less double-beta decay.

The discussion above was given by Kobayashi and Maskawa [12] to explain the already
observed CP violation in the quark sector by introducing a third generation of quarks.
The mixing matrix is called the Cabibbo-Kobayashi-Maskawa (CKM) matrix and has
very small mixing angles unlike the PMNS matrix. This causes a very small value of the
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a phase-convention invariant measure of CP violation. In the standard parametrization
of the PMNS matrix

U =

⎛

⎝
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⎠ (1.1.30)

cij ≡ cos θij (1.1.31)

sij ≡ sin θij (1.1.32)

this is proportional to sin δCP (and sines and cosines of the three mixing angles θ12, θ23,
θ13). Since this CP violation term is just the last term in the oscillation formula (1.1.22),
it is in principle possible to constrain δCP without preparing an anti-neutrino beam, by
measuring the energy-dependency of the appearance probability.

CP violation in neutrino oscillation demands three neutrino flavors as can be shown
by counting the number of CP violating complex phases (evidently J = 0 if U is real).
The PMNS matrix U is an element of U(N), which has N2 degrees of freedom (N2 − 1
from the traceless hermitian generators and one overall U(1) phase). U(N) contains the
(real) orthogonal matrices O(N) with N(N − 1)/2 degrees of freedom. This leaves us
with N(N + 1)/2 complex phases. We can now try to write U as a sandwich product of
2N diagonal phases and an O(N) core:

Uαi
?
= exp(iφα)Rαi exp(iψi) (R ∈ O(N)) (1.1.33)

where the equality holds if the number of independent degrees of freedom is N2. Such
diagonal phases are CP conserving (in fact have no effect on neutrino oscillation at all):

U∗
αiUβiUαjU

∗
βj = RαiRβiRαjRβj ∈ R. (1.1.34)

So we may think the number of CP violating phases for U(N) is max{N(N + 1)/2− 2N, 0}
(0, 0, 2, 5, . . . for N = 2, 3, 4, 5, . . .), requiring N ≥ 4 generations for CP violation. How-
ever, one overall phase of φα and ψi commutes with R (it’s just a c-number) and is thus
degenerate. The number of independent complex diagonal phases is therefore reduced by
1. This means the number of CP violating phases really is

#CPV = max

{
N(N − 3)

2
+ 1, 0

}
(1.1.35)

(#CPV = 0, 1, 3, 6, . . . for N = 2, 3, 4, 5, . . .) and CP violation in neutrino oscillation
becomes possible with N ≥ 3 generations. The diagonal phases that we were able to
ignore for neutrino oscillation (called Majorana phases), can still have a physical meaning
if the neutrino is Majorana, and play a role in neutrino-less double-beta decay.

The discussion above was given by Kobayashi and Maskawa [12] to explain the already
observed CP violation in the quark sector by introducing a third generation of quarks.
The mixing matrix is called the Cabibbo-Kobayashi-Maskawa (CKM) matrix and has
very small mixing angles unlike the PMNS matrix. This causes a very small value of the
Jarlskog constant J = (3.18± 0.15)× 10−5 [13]. When studying the impact on the size of
the baryon asymmetry of the universe (BAU) we get additional factors of squared mass
differences (m2
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Recently, the Hyper-Kamiokande detector has been
proposed to measure decay-at-rest neutrinos arising from
μþ decays from a proposed new facility near Super-
Kamiokande [14]. Such a measurement, if such a μþ

decay-at-rest source is constructed, could provide a meas-
urement of charge-parity (CP) violation in the lepton sector
that is complementary to those from beam-neutrino-based
experiments, specifically the Deep Underground Neutrino
Experiment (DUNE) and HK. More recent work has
explored the capability of this setup to measure other
oscillation parameters [15], especially when new physics
scenarios are concerned [16–18].
We also explore other opportunities for measuring DAR

neutrinos at long baselines to test and measure the three-
neutrino framework. In particular, we consider μDAR and
πDAR fluxes, the measurement of which, however, would
require either new intense sources or new detectors. To this
end, the DAEδALUS [19] experiment proposes to use
compact, but intense, cyclotron proton sources to generate a
large number of πDAR neutrinos and their detection in a
large water Cherenkov detector such as Hyper-K over
a variety of baselines in the 1–20 km range. In this work,
we briefly study the event rates of πDAR neutrinos in a
large liquid argon detector such as DUNE, as well as the
rate of inverse beta decay events of μDAR antineutrinos
in large scintillator or water detectors. Like DAEδALUS,
these rates are sensitive to the CP-violating phase in the
three-neutrino framework and can thus be complementary
to measurements in neutrino beams.

This manuscript is organized as follows: In Sec. II, we
discuss the phenomenon of neutrino oscillations, specifi-
cally focusing on the low-energy, long-baseline setup we
are interested in. In Sec. III, we provide the relevant
experimental details about JSNS and HK assumed in this
work, as well as the strategy for detection of this process
and reduction of background processes. In Sec. IV, we
consider other opportunities to test the three-neutrino
paradigm with DAR sources. In Sec. V, we offer some
concluding remarks.

II. LOW-ENERGY, LONG-DISTANCE
OSCILLATIONS

Neutrino oscillations are governed by a characteristic
scale determined by the mass-squared splitting Δm2

ji ≡
m2

j −m2
i . A great deal of experimental evidence suggests

that there are two nonzero mass-squared splittings, com-
monly referred to as the “atmospheric mass splitting”
Δm2

31 ≈ 2.5 × 10−3 eV2 [20–22] and the “solar mass split-
ting”1 Δm2

21 ≈ 7 × 10−5 eV2 [24–28]. Anomalous exper-
imental results—among them the LSND, MiniBooNE, and
short-baseline reactor antineutrino experiments—provide
hints of a new mass splitting Δm2 ∼ 1 eV2 [11,29–31].
Understandably, a significant number of oscillation

experiments have focused on ranges of baseline length L
and neutrino energy Eν for which oscillations due to these
three splittings are most significant. The phase that governs
oscillation physics (in vacuum2) is

Pαβ ≡ Pðνα → νβÞ ∝ sin2
!
Δij

2

"
; ð1Þ

where Δij ≡ Δm2
ijL=2Eν. When using experimentally suit-

able units,

Δij ¼ 2.534
!Δm2

ij

1 eV2

"!
L

1 km

"!
1 GeV
Eν

"
ð2Þ

¼ 2.534
!Δm2

ij

1 eV2

"!
L
1 m

"!
1 MeV
Eν

"
: ð3Þ

The effects of oscillations will be maximized whenΔij is an
odd multiple of π.
Figure 1 displays a subset of current and future neutrino

oscillation experiments. Experiments sensitive to the atmos-
pheric mass-squared splitting populate the region of this

FIG. 1. Baseline lengths and typical neutrino energies for a
variety of searches for neutrino oscillations. The purple star labeled
“This work” corresponds to neutrinos coming from kaon decay-at-
rest traveling the distance between JSNS and Hyper-Kamiokande,
295 km (see Sec. III). The proposals of Sec. IV using πDAR and
μDAR overlap the region probed by DAEδALUS.

1Current data from reactor (KamLAND) and solar experiments
disagree on this parameter at the 2σ level; this tension could be
resolved or accelerated in the next generation of experiments,
specifically JUNO and DUNE [23].

2For the energies and baselines of interest in this work, matter
effects are not important in modifying neutrino oscillation
probabilities.
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cally focusing on the low-energy, long-baseline setup we
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experimental details about JSNS and HK assumed in this
work, as well as the strategy for detection of this process
and reduction of background processes. In Sec. IV, we
consider other opportunities to test the three-neutrino
paradigm with DAR sources. In Sec. V, we offer some
concluding remarks.
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resolved or accelerated in the next generation of experiments,
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oscillation parameters [15], especially when new physics
scenarios are concerned [16–18].
We also explore other opportunities for measuring DAR

neutrinos at long baselines to test and measure the three-
neutrino framework. In particular, we consider μDAR and
πDAR fluxes, the measurement of which, however, would
require either new intense sources or new detectors. To this
end, the DAEδALUS [19] experiment proposes to use
compact, but intense, cyclotron proton sources to generate a
large number of πDAR neutrinos and their detection in a
large water Cherenkov detector such as Hyper-K over
a variety of baselines in the 1–20 km range. In this work,
we briefly study the event rates of πDAR neutrinos in a
large liquid argon detector such as DUNE, as well as the
rate of inverse beta decay events of μDAR antineutrinos
in large scintillator or water detectors. Like DAEδALUS,
these rates are sensitive to the CP-violating phase in the
three-neutrino framework and can thus be complementary
to measurements in neutrino beams.

This manuscript is organized as follows: In Sec. II, we
discuss the phenomenon of neutrino oscillations, specifi-
cally focusing on the low-energy, long-baseline setup we
are interested in. In Sec. III, we provide the relevant
experimental details about JSNS and HK assumed in this
work, as well as the strategy for detection of this process
and reduction of background processes. In Sec. IV, we
consider other opportunities to test the three-neutrino
paradigm with DAR sources. In Sec. V, we offer some
concluding remarks.

II. LOW-ENERGY, LONG-DISTANCE
OSCILLATIONS

Neutrino oscillations are governed by a characteristic
scale determined by the mass-squared splitting Δm2

ji ≡
m2

j −m2
i . A great deal of experimental evidence suggests

that there are two nonzero mass-squared splittings, com-
monly referred to as the “atmospheric mass splitting”
Δm2

31 ≈ 2.5 × 10−3 eV2 [20–22] and the “solar mass split-
ting”1 Δm2

21 ≈ 7 × 10−5 eV2 [24–28]. Anomalous exper-
imental results—among them the LSND, MiniBooNE, and
short-baseline reactor antineutrino experiments—provide
hints of a new mass splitting Δm2 ∼ 1 eV2 [11,29–31].
Understandably, a significant number of oscillation

experiments have focused on ranges of baseline length L
and neutrino energy Eν for which oscillations due to these
three splittings are most significant. The phase that governs
oscillation physics (in vacuum2) is
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The effects of oscillations will be maximized whenΔij is an
odd multiple of π.
Figure 1 displays a subset of current and future neutrino

oscillation experiments. Experiments sensitive to the atmos-
pheric mass-squared splitting populate the region of this

FIG. 1. Baseline lengths and typical neutrino energies for a
variety of searches for neutrino oscillations. The purple star labeled
“This work” corresponds to neutrinos coming from kaon decay-at-
rest traveling the distance between JSNS and Hyper-Kamiokande,
295 km (see Sec. III). The proposals of Sec. IV using πDAR and
μDAR overlap the region probed by DAEδALUS.

1Current data from reactor (KamLAND) and solar experiments
disagree on this parameter at the 2σ level; this tension could be
resolved or accelerated in the next generation of experiments,
specifically JUNO and DUNE [23].

2For the energies and baselines of interest in this work, matter
effects are not important in modifying neutrino oscillation
probabilities.
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• Intense anti-neutrino flux from 
reactor beta decay chain


• Detection in liquid scintillator via 
inverse-beta decay with delayed 
coincidence 


• Neutrino energy inferred from  
energy deposit in LS 


• Delayed  from neutron capture 
on Gd (main) or H (sub) for 
significant background reduction

νe + p → e+ + n

e+

γ
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yields sin22θ13 ¼ 0.0851" 0.0024, and Δm2
32 ¼ ð2.466"

0.060Þ × 10−3 eV2 for the normal mass hierarchy or
Δm2

32 ¼ −ð2.571" 0.060Þ × 10−3 eV2 for the inverted
mass hierarchy. Using Eq. (2), we obtained sin22θ13 ¼
0.0852" 0.0024 and Δm2

ee¼ð2.519"0.060Þ×10−3 eV2

with the same reduced-χ2 value. Results determined with
the other fitting methods described in Ref. [16] were
consistent to < 0.2 standard deviations.
The best-fit prompt-energy distribution is in excellent

agreement with the observed spectra in each experimental
hall, as shown in Fig. 2.
Figure 3 depicts the normalized signal rate of the three

halls as a function of Leff=hEν̄ei with the best-fit curve
superimposed, where Leff and hEν̄ei are the effective

baseline and average ν̄e energy, respectively [16]. The
oscillation pattern related to θ13 is unambiguous.
The present improved result in sin2 2θ13 is consistent

with our previous determinations [3,16,17] and agrees with
other measurements of reactor ν̄e disappearance by RENO
[28] and Double Chooz [29,30] as well as electron neutrino
and antineutrino appearance measurements by T2K [6].
Daya Bay’s measured Δm2

32 is consistent with the results of
NOvA [5], T2K [6], MINOS/MINOS+ [31], IceCube [32],
and SuperK [33] that were obtained with muon (anti)
neutrino disappearance. The agreement in sin2 2θ13 and
Δm2

32 between Daya Bay measurements using ν̄e and the
muon neutrino and antineutrino determinations provides
strong support of the three-neutrino paradigm.
To conclude, we have presented a new determination of

sin2 2θ13 with a precision of 2.8% and the mass-squared
differences reaching a precision of about 2.4%. The
reported sin2 2θ13 will likely remain the most precise
measurement of θ13 in the foreseeable future and be crucial
to the investigation of the mass hierarchy and CP violation
in neutrino oscillation [34,35].
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and the Joint Institute of Nuclear Research in Dubna,

FIG. 2. The measured prompt-energy spectra of EH1, EH2, and EH3 with the best-fit and no-oscillation curves superimposed in the
upper panels. The shape of the backgrounds are apparent in the spectra with a logarithmic ordinate shown in the insets. The backgrounds
shown in the legend are in descending order according to their contribution. The lower panels shows the ratio of the observed spectrum
to the predicted no-oscillation distribution. The error bars are statistical.

FIG. 3. Measured disappearance probability as a function of
the ratio of the effective baseline Leff to the mean antineutrino
energy hEν̄ei.
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• 3 experiments with similar design 
Double Chooz (France),  
Daya Bay (China), 
RENO (Korea) 
 
All have completed data taking


• Identical detectors near and far (~ 1 km) from 
reactor allows cancellation of many 
systematic effects


• Oscillation of  at first osc. max. 
 
Approximately 2-flavor osc. with amplitude 

 and frequency 

νe → νe
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Daya Bay nH analysis 
PRL 133, 151801 (2024)

The significant difference in selection criteria and in
signal and background features makes the systematic
uncertainties of this sin2 2θ13 measurement virtually inde-
pendent from those of the nGd study. Using the result from
analysis A, the combined, weighted-average value of
sin2 2θ13 yields 0.0833! 0.0022, which represents an
8% improvement in precision with respect to the nGd

estimate alone that was obtained with 3158 days of data [7].
The combination of Δm2

32 results suffers from more
correlations between the nGd and nH analyses, requiring
additional study.
In summary, a measurement of reactor ν̄e disappearance

relying on both rate and spectrum is reported using a
sample identified via neutron capture on hydrogen col-
lected over 1958 days by the Daya Bay experiment. This
work provides an estimate of sin2 2θ13 with an uncertainty
of about 6.6% that is consistent with and virtually
independent of Daya Bay’s nGd result [7]. It also provides
the first estimate of Δm2

32 from Daya Bay using the nH
sample, which is in good agreement with measurements
relying on significantly different neutrino energies, base-
lines, and detection technologies, such as those from
accelerator experiments [28–32]. This result enhances
the global precision of both of these parameters and
showcases techniques and lessons that can be relevant
to other experiments, such as JUNO [33], which aims to
determine the neutrino mass ordering and other oscillation
parameters to high precision using the nH channel. The
energy response model and the measured prompt spectra
used in the analysis are included as Supplemental
Material [34].
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FIG. 3. Measured prompt-energy spectrum in EH3 after back-
ground subtraction with the best-fit and no-oscillation curves
superimposed in the upper panel. The shapes of all candidates and
backgrounds are shown in the inset. The lower panel shows the
ratio of the observed prompt spectra after the background
subtraction to the predicted no-oscillations one. The error bars
are statistical.
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the systematic error of sin2 2θ13. The measured value of
jΔm2

eej corresponds to jΔm2
32j ¼ ð2.52# 0.12Þ× 10−3 eV2

for the normal neutrino mass ordering and jΔm2
32j ¼

ð2.62# 0.12Þ × 10−3 eV2 for the inverted neutrino mass
ordering, using measured oscillation parameters of sin2 θ12 ¼
0.307#0.013 and Δm2

21 ¼ ð7.53# 0.18Þ × 10−5 eV2 [31].
Figure 7 compares the observed IBD prompt spectrum

after the background subtraction and the expected spectra at
the far detector. The expected spectrum with no oscillation
is obtained by weighting the spectrum measured in the near
detector with the no-oscillation assumption to incorporate
the oscillation effect between the near and far detectors and
the 5 MeV excess. The expected spectrum with the best-fit
oscillation parameters is obtained by applying the mea-
sured parameters to the expected spectrum with no oscil-
lation at the far detector. The observed spectrum at the far
detector shows a clear energy-dependent disappearance of
reactor ν̄e events, consistent with neutrino oscillation.
Figure 8 shows the allowed regions of 68.3%, 95.5%,
and 99.7% confidence levels in the neutrino oscillation
parameters of jΔm2

eej and sin2 2θ13.
The survival probability of reactor ν̄e depends on a

baseline L and neutrino energy Eν, as given in Eq. (1). With
multiple reactors serving as neutrino sources, an effective
baseline Leff is calculated as the average reactor-detector
distance weighted by the IBD event rate in a detector and
expected from a reactor. Note that Leff is time dependent

because it is weighted by the IBD rate. The neutrino energy
Eν is converted from the IBD prompt energy. A daily ratio
Leff=Eν is obtained from the background-subtracted IBD
spectrum combined with the daily Leff. The overall dis-
tribution of Leff=Eν is obtained by collecting the daily ratios
that are weighted by a daily IBD rate. The measured
survival probability is determined by the ratio of the
observed IBD rate to the expected rate with no oscillation
for each bin of Leff=Eν. Figure 9 presents the measured
survival probability of reactor ν̄e at the far detector as a
function of Leff=Eν. A predicted survival probability is
calculated from the observed distribution in the near
detector and the best-fit values of oscillation parameters.

FIG. 7. Top: comparison between the observed background-
subtracted IBD prompt spectrum in the far detector (dots) and the
expected spectra with (yellow shaded histogram) and without
(blue shaded histogram) oscillation at the far detector. The
expected spectra are obtained from the measured IBD prompt
spectrum in the near detector. The bands represent uncertainties.
Bottom: comparison between the ratio of IBD events measured in
the far detector to the no-oscillation prediction (dots) and the ratio
from the MC simulation with best-fit results incorporated (shaded
band). The errors are statistical uncertainties only, although both
statistical and systematic uncertainties are considered in the χ2

fitting.

FIG. 8. Allowed regions of 68.3%, 95.5%, and 99.7% confi-
dence levels in the jΔm2

eej vs sin2 2θ13 plane. The black dot
represents the best-fit values. The Δχ2 distributions for jΔm2

eej
(right) and sin2 2θ13 (top) are shown with 1σ bands (yellow
shaded).

FIG. 9. Measured reactor ν̄e survival probability in the far
detector as a function of Leff=Eν. The blue curve represents the
predicted survival probability, calculated from the observed
probability in the near detector, using the best-fit values for
jΔm2

eej and sin2 2θ13. The Leff=Eν value for each point is
determined as the average of the counts within each bin.
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Recently, the Hyper-Kamiokande detector has been
proposed to measure decay-at-rest neutrinos arising from
μþ decays from a proposed new facility near Super-
Kamiokande [14]. Such a measurement, if such a μþ

decay-at-rest source is constructed, could provide a meas-
urement of charge-parity (CP) violation in the lepton sector
that is complementary to those from beam-neutrino-based
experiments, specifically the Deep Underground Neutrino
Experiment (DUNE) and HK. More recent work has
explored the capability of this setup to measure other
oscillation parameters [15], especially when new physics
scenarios are concerned [16–18].
We also explore other opportunities for measuring DAR

neutrinos at long baselines to test and measure the three-
neutrino framework. In particular, we consider μDAR and
πDAR fluxes, the measurement of which, however, would
require either new intense sources or new detectors. To this
end, the DAEδALUS [19] experiment proposes to use
compact, but intense, cyclotron proton sources to generate a
large number of πDAR neutrinos and their detection in a
large water Cherenkov detector such as Hyper-K over
a variety of baselines in the 1–20 km range. In this work,
we briefly study the event rates of πDAR neutrinos in a
large liquid argon detector such as DUNE, as well as the
rate of inverse beta decay events of μDAR antineutrinos
in large scintillator or water detectors. Like DAEδALUS,
these rates are sensitive to the CP-violating phase in the
three-neutrino framework and can thus be complementary
to measurements in neutrino beams.

This manuscript is organized as follows: In Sec. II, we
discuss the phenomenon of neutrino oscillations, specifi-
cally focusing on the low-energy, long-baseline setup we
are interested in. In Sec. III, we provide the relevant
experimental details about JSNS and HK assumed in this
work, as well as the strategy for detection of this process
and reduction of background processes. In Sec. IV, we
consider other opportunities to test the three-neutrino
paradigm with DAR sources. In Sec. V, we offer some
concluding remarks.

II. LOW-ENERGY, LONG-DISTANCE
OSCILLATIONS

Neutrino oscillations are governed by a characteristic
scale determined by the mass-squared splitting Δm2

ji ≡
m2

j −m2
i . A great deal of experimental evidence suggests

that there are two nonzero mass-squared splittings, com-
monly referred to as the “atmospheric mass splitting”
Δm2

31 ≈ 2.5 × 10−3 eV2 [20–22] and the “solar mass split-
ting”1 Δm2

21 ≈ 7 × 10−5 eV2 [24–28]. Anomalous exper-
imental results—among them the LSND, MiniBooNE, and
short-baseline reactor antineutrino experiments—provide
hints of a new mass splitting Δm2 ∼ 1 eV2 [11,29–31].
Understandably, a significant number of oscillation

experiments have focused on ranges of baseline length L
and neutrino energy Eν for which oscillations due to these
three splittings are most significant. The phase that governs
oscillation physics (in vacuum2) is

Pαβ ≡ Pðνα → νβÞ ∝ sin2
!
Δij

2

"
; ð1Þ

where Δij ≡ Δm2
ijL=2Eν. When using experimentally suit-

able units,

Δij ¼ 2.534
!Δm2

ij

1 eV2

"!
L

1 km

"!
1 GeV
Eν

"
ð2Þ

¼ 2.534
!Δm2

ij

1 eV2

"!
L
1 m

"!
1 MeV
Eν

"
: ð3Þ

The effects of oscillations will be maximized whenΔij is an
odd multiple of π.
Figure 1 displays a subset of current and future neutrino

oscillation experiments. Experiments sensitive to the atmos-
pheric mass-squared splitting populate the region of this

FIG. 1. Baseline lengths and typical neutrino energies for a
variety of searches for neutrino oscillations. The purple star labeled
“This work” corresponds to neutrinos coming from kaon decay-at-
rest traveling the distance between JSNS and Hyper-Kamiokande,
295 km (see Sec. III). The proposals of Sec. IV using πDAR and
μDAR overlap the region probed by DAEδALUS.

1Current data from reactor (KamLAND) and solar experiments
disagree on this parameter at the 2σ level; this tension could be
resolved or accelerated in the next generation of experiments,
specifically JUNO and DUNE [23].

2For the energies and baselines of interest in this work, matter
effects are not important in modifying neutrino oscillation
probabilities.
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Recently, the Hyper-Kamiokande detector has been
proposed to measure decay-at-rest neutrinos arising from
μþ decays from a proposed new facility near Super-
Kamiokande [14]. Such a measurement, if such a μþ

decay-at-rest source is constructed, could provide a meas-
urement of charge-parity (CP) violation in the lepton sector
that is complementary to those from beam-neutrino-based
experiments, specifically the Deep Underground Neutrino
Experiment (DUNE) and HK. More recent work has
explored the capability of this setup to measure other
oscillation parameters [15], especially when new physics
scenarios are concerned [16–18].
We also explore other opportunities for measuring DAR

neutrinos at long baselines to test and measure the three-
neutrino framework. In particular, we consider μDAR and
πDAR fluxes, the measurement of which, however, would
require either new intense sources or new detectors. To this
end, the DAEδALUS [19] experiment proposes to use
compact, but intense, cyclotron proton sources to generate a
large number of πDAR neutrinos and their detection in a
large water Cherenkov detector such as Hyper-K over
a variety of baselines in the 1–20 km range. In this work,
we briefly study the event rates of πDAR neutrinos in a
large liquid argon detector such as DUNE, as well as the
rate of inverse beta decay events of μDAR antineutrinos
in large scintillator or water detectors. Like DAEδALUS,
these rates are sensitive to the CP-violating phase in the
three-neutrino framework and can thus be complementary
to measurements in neutrino beams.

This manuscript is organized as follows: In Sec. II, we
discuss the phenomenon of neutrino oscillations, specifi-
cally focusing on the low-energy, long-baseline setup we
are interested in. In Sec. III, we provide the relevant
experimental details about JSNS and HK assumed in this
work, as well as the strategy for detection of this process
and reduction of background processes. In Sec. IV, we
consider other opportunities to test the three-neutrino
paradigm with DAR sources. In Sec. V, we offer some
concluding remarks.

II. LOW-ENERGY, LONG-DISTANCE
OSCILLATIONS

Neutrino oscillations are governed by a characteristic
scale determined by the mass-squared splitting Δm2

ji ≡
m2

j −m2
i . A great deal of experimental evidence suggests

that there are two nonzero mass-squared splittings, com-
monly referred to as the “atmospheric mass splitting”
Δm2

31 ≈ 2.5 × 10−3 eV2 [20–22] and the “solar mass split-
ting”1 Δm2

21 ≈ 7 × 10−5 eV2 [24–28]. Anomalous exper-
imental results—among them the LSND, MiniBooNE, and
short-baseline reactor antineutrino experiments—provide
hints of a new mass splitting Δm2 ∼ 1 eV2 [11,29–31].
Understandably, a significant number of oscillation

experiments have focused on ranges of baseline length L
and neutrino energy Eν for which oscillations due to these
three splittings are most significant. The phase that governs
oscillation physics (in vacuum2) is

Pαβ ≡ Pðνα → νβÞ ∝ sin2
!
Δij

2

"
; ð1Þ

where Δij ≡ Δm2
ijL=2Eν. When using experimentally suit-

able units,

Δij ¼ 2.534
!Δm2

ij
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1 km

"!
1 GeV
Eν

"
ð2Þ

¼ 2.534
!Δm2

ij
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"!
L
1 m

"!
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Eν

"
: ð3Þ

The effects of oscillations will be maximized whenΔij is an
odd multiple of π.
Figure 1 displays a subset of current and future neutrino

oscillation experiments. Experiments sensitive to the atmos-
pheric mass-squared splitting populate the region of this

FIG. 1. Baseline lengths and typical neutrino energies for a
variety of searches for neutrino oscillations. The purple star labeled
“This work” corresponds to neutrinos coming from kaon decay-at-
rest traveling the distance between JSNS and Hyper-Kamiokande,
295 km (see Sec. III). The proposals of Sec. IV using πDAR and
μDAR overlap the region probed by DAEδALUS.

1Current data from reactor (KamLAND) and solar experiments
disagree on this parameter at the 2σ level; this tension could be
resolved or accelerated in the next generation of experiments,
specifically JUNO and DUNE [23].

2For the energies and baselines of interest in this work, matter
effects are not important in modifying neutrino oscillation
probabilities.
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Recently, the Hyper-Kamiokande detector has been
proposed to measure decay-at-rest neutrinos arising from
μþ decays from a proposed new facility near Super-
Kamiokande [14]. Such a measurement, if such a μþ

decay-at-rest source is constructed, could provide a meas-
urement of charge-parity (CP) violation in the lepton sector
that is complementary to those from beam-neutrino-based
experiments, specifically the Deep Underground Neutrino
Experiment (DUNE) and HK. More recent work has
explored the capability of this setup to measure other
oscillation parameters [15], especially when new physics
scenarios are concerned [16–18].
We also explore other opportunities for measuring DAR

neutrinos at long baselines to test and measure the three-
neutrino framework. In particular, we consider μDAR and
πDAR fluxes, the measurement of which, however, would
require either new intense sources or new detectors. To this
end, the DAEδALUS [19] experiment proposes to use
compact, but intense, cyclotron proton sources to generate a
large number of πDAR neutrinos and their detection in a
large water Cherenkov detector such as Hyper-K over
a variety of baselines in the 1–20 km range. In this work,
we briefly study the event rates of πDAR neutrinos in a
large liquid argon detector such as DUNE, as well as the
rate of inverse beta decay events of μDAR antineutrinos
in large scintillator or water detectors. Like DAEδALUS,
these rates are sensitive to the CP-violating phase in the
three-neutrino framework and can thus be complementary
to measurements in neutrino beams.

This manuscript is organized as follows: In Sec. II, we
discuss the phenomenon of neutrino oscillations, specifi-
cally focusing on the low-energy, long-baseline setup we
are interested in. In Sec. III, we provide the relevant
experimental details about JSNS and HK assumed in this
work, as well as the strategy for detection of this process
and reduction of background processes. In Sec. IV, we
consider other opportunities to test the three-neutrino
paradigm with DAR sources. In Sec. V, we offer some
concluding remarks.

II. LOW-ENERGY, LONG-DISTANCE
OSCILLATIONS

Neutrino oscillations are governed by a characteristic
scale determined by the mass-squared splitting Δm2

ji ≡
m2

j −m2
i . A great deal of experimental evidence suggests

that there are two nonzero mass-squared splittings, com-
monly referred to as the “atmospheric mass splitting”
Δm2

31 ≈ 2.5 × 10−3 eV2 [20–22] and the “solar mass split-
ting”1 Δm2

21 ≈ 7 × 10−5 eV2 [24–28]. Anomalous exper-
imental results—among them the LSND, MiniBooNE, and
short-baseline reactor antineutrino experiments—provide
hints of a new mass splitting Δm2 ∼ 1 eV2 [11,29–31].
Understandably, a significant number of oscillation

experiments have focused on ranges of baseline length L
and neutrino energy Eν for which oscillations due to these
three splittings are most significant. The phase that governs
oscillation physics (in vacuum2) is

Pαβ ≡ Pðνα → νβÞ ∝ sin2
!
Δij

2

"
; ð1Þ

where Δij ≡ Δm2
ijL=2Eν. When using experimentally suit-

able units,

Δij ¼ 2.534
!Δm2

ij

1 eV2

"!
L

1 km

"!
1 GeV
Eν

"
ð2Þ

¼ 2.534
!Δm2

ij
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"!
L
1 m

"!
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The effects of oscillations will be maximized whenΔij is an
odd multiple of π.
Figure 1 displays a subset of current and future neutrino

oscillation experiments. Experiments sensitive to the atmos-
pheric mass-squared splitting populate the region of this

FIG. 1. Baseline lengths and typical neutrino energies for a
variety of searches for neutrino oscillations. The purple star labeled
“This work” corresponds to neutrinos coming from kaon decay-at-
rest traveling the distance between JSNS and Hyper-Kamiokande,
295 km (see Sec. III). The proposals of Sec. IV using πDAR and
μDAR overlap the region probed by DAEδALUS.

1Current data from reactor (KamLAND) and solar experiments
disagree on this parameter at the 2σ level; this tension could be
resolved or accelerated in the next generation of experiments,
specifically JUNO and DUNE [23].

2For the energies and baselines of interest in this work, matter
effects are not important in modifying neutrino oscillation
probabilities.
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Recently, the Hyper-Kamiokande detector has been
proposed to measure decay-at-rest neutrinos arising from
μþ decays from a proposed new facility near Super-
Kamiokande [14]. Such a measurement, if such a μþ

decay-at-rest source is constructed, could provide a meas-
urement of charge-parity (CP) violation in the lepton sector
that is complementary to those from beam-neutrino-based
experiments, specifically the Deep Underground Neutrino
Experiment (DUNE) and HK. More recent work has
explored the capability of this setup to measure other
oscillation parameters [15], especially when new physics
scenarios are concerned [16–18].
We also explore other opportunities for measuring DAR

neutrinos at long baselines to test and measure the three-
neutrino framework. In particular, we consider μDAR and
πDAR fluxes, the measurement of which, however, would
require either new intense sources or new detectors. To this
end, the DAEδALUS [19] experiment proposes to use
compact, but intense, cyclotron proton sources to generate a
large number of πDAR neutrinos and their detection in a
large water Cherenkov detector such as Hyper-K over
a variety of baselines in the 1–20 km range. In this work,
we briefly study the event rates of πDAR neutrinos in a
large liquid argon detector such as DUNE, as well as the
rate of inverse beta decay events of μDAR antineutrinos
in large scintillator or water detectors. Like DAEδALUS,
these rates are sensitive to the CP-violating phase in the
three-neutrino framework and can thus be complementary
to measurements in neutrino beams.

This manuscript is organized as follows: In Sec. II, we
discuss the phenomenon of neutrino oscillations, specifi-
cally focusing on the low-energy, long-baseline setup we
are interested in. In Sec. III, we provide the relevant
experimental details about JSNS and HK assumed in this
work, as well as the strategy for detection of this process
and reduction of background processes. In Sec. IV, we
consider other opportunities to test the three-neutrino
paradigm with DAR sources. In Sec. V, we offer some
concluding remarks.

II. LOW-ENERGY, LONG-DISTANCE
OSCILLATIONS

Neutrino oscillations are governed by a characteristic
scale determined by the mass-squared splitting Δm2

ji ≡
m2

j −m2
i . A great deal of experimental evidence suggests

that there are two nonzero mass-squared splittings, com-
monly referred to as the “atmospheric mass splitting”
Δm2

31 ≈ 2.5 × 10−3 eV2 [20–22] and the “solar mass split-
ting”1 Δm2

21 ≈ 7 × 10−5 eV2 [24–28]. Anomalous exper-
imental results—among them the LSND, MiniBooNE, and
short-baseline reactor antineutrino experiments—provide
hints of a new mass splitting Δm2 ∼ 1 eV2 [11,29–31].
Understandably, a significant number of oscillation

experiments have focused on ranges of baseline length L
and neutrino energy Eν for which oscillations due to these
three splittings are most significant. The phase that governs
oscillation physics (in vacuum2) is

Pαβ ≡ Pðνα → νβÞ ∝ sin2
!
Δij

2
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where Δij ≡ Δm2
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The effects of oscillations will be maximized whenΔij is an
odd multiple of π.
Figure 1 displays a subset of current and future neutrino

oscillation experiments. Experiments sensitive to the atmos-
pheric mass-squared splitting populate the region of this

FIG. 1. Baseline lengths and typical neutrino energies for a
variety of searches for neutrino oscillations. The purple star labeled
“This work” corresponds to neutrinos coming from kaon decay-at-
rest traveling the distance between JSNS and Hyper-Kamiokande,
295 km (see Sec. III). The proposals of Sec. IV using πDAR and
μDAR overlap the region probed by DAEδALUS.

1Current data from reactor (KamLAND) and solar experiments
disagree on this parameter at the 2σ level; this tension could be
resolved or accelerated in the next generation of experiments,
specifically JUNO and DUNE [23].

2For the energies and baselines of interest in this work, matter
effects are not important in modifying neutrino oscillation
probabilities.
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• High intensity ~600 MeV 𝜈μ or 𝜈̅μ beam produced at J-PARC (Tokai)
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• 𝜈e and 𝜈̅e appearance → determine θ13 and δCP

• Precise measurement of 𝜈μ disappearance → θ23 and |Δm232|

T2K experiment
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T2K (Japan)

J. Wolcott, Neutrino 2024

NOvA (USA)

C. Giganti, Neutrino 2024

• Selectable  or  beams by 
focusing  produced by 
beam on fixed target


• Precision study of  
oscillations near first 
oscillation maximum


• Low  contamination 
allows study of  
oscillations for both 
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neutrinos before oscillations 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constrain flux × interaction 
systematics
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MINOS+2020

NOvA 2024

T2K 2024

90% CL, NO

 disappearanceνμ

June 17, 2024 / NEUTRINO '24 J. Wolcott / Tufts U. 34

Far detector observations: νμ 

νμ νμ 

3-Kavor oscillations describe these data well: Bayesian posterior predictive p-value = 0.54

June 17, 2024 / NEUTRINO '24 J. Wolcott / Tufts U. 28

Near detector observations

… but ND data forms basis for model correction & constraint

Reconstructed νe energy (GeV)

~100K data events~6.5M data 

events

Uncertainties on single-detector measurements are large...ND FD

Super-K selections
• 6 samples are selected at SK


• 2 samples 1R μ-like/e-like in 𝜈-mode → CCQE enhanced


• 2 samples CC1π enhanced (2 rings or with an additional 
decay electrons)


• 2 samples 1R μ-like/e-like in 𝜈̅-mode → CCQE enhanced


• New detector covariance matrix at SK → significantly 
reduce systematics in the 1 Re+d.e. sample

17

𝜈-mode 1R μ-like 𝜈-mode 1R e-like 

𝜈̅-mode 1R μ-like 𝜈̅-mode 1R e-like 

𝜈-mode 2 rings μ-like𝜈-mode 1 d.e. e-like
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ND280 selections

• ND280 magnetized detector

• Select interactions on CH (FGD1) and CH/Water (FGD2)

• Precise measurement of Pμ and θμ  with the TPCs

• Distinguish 𝜈 from 𝜈̅ interactions thanks to the 

reconstruction of the charge of the lepton

• Separate samples based on number of reconstructed 

pions (CC0π, CC1π, CCNπ), protons, photons, etc → 
22 samples in total are used in the fit

14

After the ND280 fit 
Constraint flux and cross-section model 

𝜈μ CC0π0p

Before the fit

𝜈μ CC0π0p

𝜈̅μ CC0π
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TPC1 TPC2 TPC3
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Consistent with maximal mixing

T2K has been upgrading beam-line and ND. 
→ expect improvement in future.

NOvA doubled -mode statistics → leading


T2K 10% more -mode compared to 2022  
and reduced FD detector systematics

ν
ν

8

(LLH) as the test statistic of the form:

LLH =

X

i2bins

log

⇣nno
i e�ni

no!

⌘
�

1

2

X

j2syst

(ŝj � sj)2

�2
j

. (2)

Here the first term is a Poisson likelihood where ni (no) is
the number of expected (observed) events in bin i and the
second term serves as a penalty term for the systematic
parameters j which have Gaussian priors �j . The results
of fitted nuisance parameters compared to their priors
are shown in Fig. 4 (and Table II in [22]) and discussed
next.
Results and Conclusion– An atmospheric neutrino
dataset obtained over 3,387 days between 2012-2021,
with a total of 150,257 neutrino candidates, has been
used in this analysis. The most track-like bin has highest
purity of ⌫µ CC events and shows the most distinctive
disappearance signature. We obtain a goodness-of-fit p-
value of 19.2%. As shown in Table II, all nuisance param-
eters fitted to values well within their expected ranges.

To determine the confidence intervals for the oscillation
parameters, the Feldman-Cousins’ unified approach [29,
30] is used for all errors and plots. We report the pa-
rameters and 1� errors of �m2

32 = 2.40+0.05
�0.04 ⇥ 10

�3 eV2

and sin
2
(✓23) = 0.54+0.04

�0.03, in the normal neutrino mass
ordering. The 90% confidence level (C.L.) contour of
sin

2
(✓23) and �m2

32 for the normal neutrino mass order-
ing (m3 > m2 > m1) of this result, compared with the
results from the other experiments, is shown in Fig. 5.

FIG. 5. Contours showing Feldman-Cousins 90% C.L. as-
suming neutrino normal mass ordering of this analysis (black,
‘IceCube 2024’) compared to those from NOvA [31], T2K
[32], Super-Kamiokande [33], and MINOS+ [34]. The best-fit
physics parameters are indicated with a black circle.

This result is of similar precision to and consistent

with measurements from accelerator and reactor [35] neu-
trino experiments while uniquely using neutrinos of much
higher energy over longer baselines, supporting the stan-
dard 3⌫ paradigm of neutrino mixing. The upcoming
IceCube Upgrade [36] next generation detector will en-
able significant improvements to this measurement in the
coming decade.
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Oscillation analysis results

• Preference for δCP~-π/2 but 
CP conserving values are 
within the 2σ interval 
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Oscillation analysis results
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NOvA

Preference for CP violation ( )sin δCP < 0
In IO prefer CP-violation ( )  
Mild NO preference (1.4σfreq)

sin δCP < 0
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Mass ordering and CPV Do neutrinos exhibit

CP violation?
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Mild normal ordering preference
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Which way are the 

neutrino mass states 

ordered?

②

NO IO

*Frequentist signiIcance computed 

 using Feldman-Cousins procedure thanks to NERSC
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§ Regardless of the mass orderings, dCP = p/2 lies outside 3-sigma credible interval. 

§ If the ordering is inverted, CP conserving values of +CP (0, p) and Jarlskog invariant JCP 
= 0 lie outside the 3-sigma credible interval. 
§ for priors that are both uniform in dCP and uniform in sin dCP

27Oct 28, 2024 Zoya Vallari/ NNN 2024

NOvA + T2K: dCP and JCP

27

*Note: Jarlskog plot assumes inverted ordering; left plot 
shows posterior marginalized over both MO simultaneously. 
Conclusions hold for both marginalizations.

Zoya Vallari, OSUFeb 18, 2025

June 17, 2024 / NEUTRINO '24 J. Wolcott / Tufts U. 9

NOvA-T2K joint $t: PMNS parameters

Joint It splits the diQerence b/w NOvA-only & T2K-only in NO;

improves constraint in IO

NOvA only: Phys. Rev. D106, 032004 (2022)

T2K only: Eur. Phys. J. C83, 782 (2023)

“assuming IO is true”
(does not include relative probability of IO vs. NO)

T2K + NOvA

28

Input analyses are not latest results, but first shown in 2020

• If IO, CP violated at  
(Above plot is normalized over both MO, but 
conclusion also holds when conditioned on IO)


• If NO, consistent with CP conservation

3σ

• Different degeneracy of , MO, and  
octant → synergy


• A first joint fit was performed using the 
analyses first shown in 2020 
(publication in preparation)


• Candidate for systematic correlations: 
 interactions

• No trivial mapping between parameters 

(except  systematics which were correlated)

• At current statistics omitting correlations 

found to not affect result

• Studied impact of interaction model 

differences, all tests pass pre-set criteria

δCP θ23

ν

νe/νe
Compatible with both MO, posterior 
influenced by reactor constraint 
 
NOVA+T2K only   : IO (71%) 
+ 1D                : IO (57%) 
+ 2D : NO (59%)

θ13
(θ13, Δm2

32)



Atmospheric experiments

29Assuming typical densities for terrestial exp.  
Plot inspired by PRD 101, 033008 (2020)

Recently, the Hyper-Kamiokande detector has been
proposed to measure decay-at-rest neutrinos arising from
μþ decays from a proposed new facility near Super-
Kamiokande [14]. Such a measurement, if such a μþ

decay-at-rest source is constructed, could provide a meas-
urement of charge-parity (CP) violation in the lepton sector
that is complementary to those from beam-neutrino-based
experiments, specifically the Deep Underground Neutrino
Experiment (DUNE) and HK. More recent work has
explored the capability of this setup to measure other
oscillation parameters [15], especially when new physics
scenarios are concerned [16–18].
We also explore other opportunities for measuring DAR

neutrinos at long baselines to test and measure the three-
neutrino framework. In particular, we consider μDAR and
πDAR fluxes, the measurement of which, however, would
require either new intense sources or new detectors. To this
end, the DAEδALUS [19] experiment proposes to use
compact, but intense, cyclotron proton sources to generate a
large number of πDAR neutrinos and their detection in a
large water Cherenkov detector such as Hyper-K over
a variety of baselines in the 1–20 km range. In this work,
we briefly study the event rates of πDAR neutrinos in a
large liquid argon detector such as DUNE, as well as the
rate of inverse beta decay events of μDAR antineutrinos
in large scintillator or water detectors. Like DAEδALUS,
these rates are sensitive to the CP-violating phase in the
three-neutrino framework and can thus be complementary
to measurements in neutrino beams.

This manuscript is organized as follows: In Sec. II, we
discuss the phenomenon of neutrino oscillations, specifi-
cally focusing on the low-energy, long-baseline setup we
are interested in. In Sec. III, we provide the relevant
experimental details about JSNS and HK assumed in this
work, as well as the strategy for detection of this process
and reduction of background processes. In Sec. IV, we
consider other opportunities to test the three-neutrino
paradigm with DAR sources. In Sec. V, we offer some
concluding remarks.

II. LOW-ENERGY, LONG-DISTANCE
OSCILLATIONS

Neutrino oscillations are governed by a characteristic
scale determined by the mass-squared splitting Δm2

ji ≡
m2

j −m2
i . A great deal of experimental evidence suggests

that there are two nonzero mass-squared splittings, com-
monly referred to as the “atmospheric mass splitting”
Δm2

31 ≈ 2.5 × 10−3 eV2 [20–22] and the “solar mass split-
ting”1 Δm2

21 ≈ 7 × 10−5 eV2 [24–28]. Anomalous exper-
imental results—among them the LSND, MiniBooNE, and
short-baseline reactor antineutrino experiments—provide
hints of a new mass splitting Δm2 ∼ 1 eV2 [11,29–31].
Understandably, a significant number of oscillation

experiments have focused on ranges of baseline length L
and neutrino energy Eν for which oscillations due to these
three splittings are most significant. The phase that governs
oscillation physics (in vacuum2) is

Pαβ ≡ Pðνα → νβÞ ∝ sin2
!
Δij

2

"
; ð1Þ

where Δij ≡ Δm2
ijL=2Eν. When using experimentally suit-

able units,

Δij ¼ 2.534
!Δm2

ij

1 eV2

"!
L

1 km

"!
1 GeV
Eν

"
ð2Þ

¼ 2.534
!Δm2

ij

1 eV2

"!
L
1 m

"!
1 MeV
Eν

"
: ð3Þ

The effects of oscillations will be maximized whenΔij is an
odd multiple of π.
Figure 1 displays a subset of current and future neutrino

oscillation experiments. Experiments sensitive to the atmos-
pheric mass-squared splitting populate the region of this

FIG. 1. Baseline lengths and typical neutrino energies for a
variety of searches for neutrino oscillations. The purple star labeled
“This work” corresponds to neutrinos coming from kaon decay-at-
rest traveling the distance between JSNS and Hyper-Kamiokande,
295 km (see Sec. III). The proposals of Sec. IV using πDAR and
μDAR overlap the region probed by DAEδALUS.

1Current data from reactor (KamLAND) and solar experiments
disagree on this parameter at the 2σ level; this tension could be
resolved or accelerated in the next generation of experiments,
specifically JUNO and DUNE [23].

2For the energies and baselines of interest in this work, matter
effects are not important in modifying neutrino oscillation
probabilities.

HARNIK, KELLY, and MACHADO PHYS. REV. D 101, 033008 (2020)
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Atmospheric neutrinos

• Resonant enhancement of  
appearance in mantle/core at few GeV 
 
only for  in NO  
only for  in IO


• For flux , but  cross-section is 
~3x larger → charge ID optional
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6Atmospheric neutrino oscillations
Matter effects

Presence of a resonance driven by θ13 induced matter effects between 

2 and 10 GeV
● Only for ν in NH and ν in IH → sensitivity to the mass hierarchy
● Size of the effect depends on sin2(θ23) → sensitive to θ23 octant 
● MH sensitivity increases with larger statistics, improved ability to 

separate interactions of ν and ν and constraint on sin2(θ23)
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P(νμ→ νe) Vacuum P(νμ→ νe) Matter

Oscillograms from: 
C. Bronner for SK collaboration, at ICTP Advanced Workshop on Physics of 
Atmospheric Neutrinos 2018

Mantle

Core

Crust

Magdalena Posiadala-Zezula, NEUTRINO 2024, Milan 17-22 June 2024

L/E analysis @ Super - Kamiokande
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• Atmospheric neutrinos at SK span ~4 orders of magnitude in L/E, possible to see a complete oscillation of  survival probability 
• Updates since the last published results in 2004 Phys. Rev. Lett. 93, 101801, SK1: 

• Full SK pure water phases (SK-I~V data - 6511 days- ) 
• New L/E estimator, high- and low-resolution samples 

νμ

(Δχ2(decay, 2 fl. osc.) = 6.0σ)

High - resolution  data/MC sample High resolution data: best fit  for  two flavour 
oscillations  vs. neutrino decay 

Preliminary

Preliminary

•  produced from  decay in 
atmosphere


• Neutrino zenith angle (→ ) inferred from 
measured charged lepton angle  
(better for )

νμ, νe π±, μ±, K

L

Eν ≫ 1 GeV

• First  oscillation dip can be 
resolved at high-E → 


• Oscillation at larger  is smeared 
out to a ~0.5 reduction of  
→  

νμ
|Δm2

32 |

L/E
νμ

sin2 2θ23 ≈ 1

Signals at multi-GeV

→ MO
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IceCube 
(South Pole) 

 
DeepCore 
10 Mton

SuperK
HyperK

ORCA / KM3Net  
(Mediterranean 

Sea) 7 Mt

edges. Higher-momentum particles produce more light, so
the charge contained within the ring provides an estimate of
the particle’s momentum. Figure 2 shows an example of the
Cherenkov light patterns observed in SK following a
neutrino candidate interaction, and their fitted properties.
The event contains multiple ring patterns, each correspond-
ing to a different particle.

In addition to Cherenkov rings, SK identifies electrons
from muon decays. Decay electrons are found by scanning
for time-clustered hits following a primary neutrino inter-
action trigger. A hit-time-based fitter estimates the decay
electron vertex for each candidate hit cluster, and candi-
dates are accepted if there are 50 or more hits within a 50 ns
time window. The overall decay electron tagging efficiency
is estimated to be 96% for μþ and 80% for μ− in the SK IV
and SK V periods. The reduced efficiency for μ− is due to
μ− capture in the water, in which no decay electron is
produced.
Neutrons in the SK detector are captured on hydrogen,

producing deuterium in an excited state. The decay of the
excited deuterium produces a 2.2 MeV γ, which results in a
few time-coincident and spatially clustered PMT hits.
These γ emissions from neutron captures are identified
using a two-step process. In the first step, a sliding 10 ns
hit-time window finds candidate neutron captures from
clusters of 7–50 hits with fewer than 200 hits in a
surrounding 200 ns window. The lower bound of the hit
range suppresses spurious coincidences from noise, while
the upper bound avoids tagging decay electrons. In the
second step, variables which quantify the isotropy, like-
lihood of single-vertex origin, and the time spread of the
hits are calculated for each candidate cluster. A neural
network classifies candidates as either signal or background
based on these variables. When applied to SK IV–V
atmospheric neutrino MC events, the neural network has
an average neutron-tagging efficiency for neutron capture
on hydrogen of 26% with a background rate of 0.016 false
neutrons per event. The uncertainty on the neutron-tagging
efficiency is evaluated using an americium-beryllium
(AmBe) source embedded in a scintillating box placed
at various locations throughout the detector, and is esti-
mated to be 9%. A detailed description of the neutron-
tagging algorithm and its development may be found
in Ref. [22].
In the SK detector, the charges of particles—and there-

fore neutrino and antineutrino interactions—cannot be
differentiated on an event-by-event basis. However, stat-
istical separation is possible. For example, in the process
ν̄μ þ p → pþ μþ þ π−, in which an antineutrino interacts
with a proton, the outgoing negatively charged pion is more
likely to be captured by an 16O nucleus before decaying
than is a positively charged pion produced in the equivalent
νμ interaction. Captured pions do not produce decay
electrons, so requiring one or more decay electrons
preferentially selects more neutrino than antineutrino
events for this process. The statistical separation can be
further improved by also considering the number of
neutrons, which will be described in Sec. II B 2.

A. Calibration

Calibration ensures an accurate and consistent response
of the detector to particle interactions. Calibration studies

TABLE II. Super-Kamiokande data-taking phases. An elec-
tronics upgrade at the start of SK IV enabled neutron tagging on
hydrogen (H), utilized in the SK IV and SK V phases. During
2020, gadolinium (Gd) was added to the detector’s water to
increase the neutron-tagging efficiency. At the time of this
writing, SK Gd is ongoing, and data from the SK Gd phase
are not included in this analysis.

Phase Dates
Live time
(Days)

Photo-coverage
(%)

Neutron
tagging

SK I 1996–2001 1489.2 40 " " "
SK II 2002–2005 798.6 19 " " "
SK III 2006–2008 518.1 40 " " "
SK IV 2008–2018 3244.4 40 H
SK V 2019–2020 461.0 40 H

SK Gd 2020–Present " " " 40 Hþ Gd

μ-like

e-like

FIG. 2. Event display of a multi-ring atmospheric neutrino
cadidate event in SK V data. Hit ID PMTs are displayed on an
unrolled view of the cylindrical detector, with the color and radius
of each hit PMT corresponding to the detected charge. The
reconstruction algorithm APFIT identifies three Cherenkov rings,
indicated by dashed outlines: one bright μ-like ring, with
pμ ≈ 1010 MeV=c, and two fainter e-like rings, each with
pe ≈ 320 MeV=c.
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detectors drawn roughly to scale

PhysRevD.109.072014

DeepCore (GeV-scale)
• Use events starting in the DeepCore 

region
• Strong atm. 𝜇 background suppression
• Mostly contained, good E estimation
• All flavor, with possibility to tag the 

presence of a muon (𝜈𝜇-CC)

IceCube (TeV scale)
• Use tracks going through the detector

• No containment, only lower limit on E
• Sample is 𝜈𝜇-CC only

• Excellent pointing
• Atm. 𝜇 bkg suppressed by Earth 
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Analysis considerations by energy
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IceCube (TeV scale)
• Use tracks going through the detector

• No containment, only lower limit on E
• Sample is 𝜈𝜇-CC only

• Excellent pointing
• Atm. 𝜇 bkg suppressed by Earth 

8

Analysis considerations by energy

Ice C
ube, Neutrino 2024

Detailed event 
reconstruction over wide 

 down to sub-GeVEν

Track-like ( )νμ

Shower-like 
( , NC, …)νe

Deep Core

Installed 
so far

3D samplingSurface covering
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• SuperK: 20% expansion of fiducial 
volume + additional years.  
PRD 109, 072014 (2024)  
 
In total 48% statistics increase over 
previous publication


• DeepCore moved to CNN-based 
reconstruction + 2 years  
↓  
7x increase in statistics 
arXiv:2405.02163  
 
expect 2x reduction in next 4 years


• ORCA first result using ~5% of final 
detector size. Expect improvement 
in statistics and systematics as 
more strings get installed. 
 
JHEP 10 (2024) 206

 disappearanceνμ

quantity of underground water available to fill the detector
and maintain its temperature. These changes impact the
water transparency and subsequent performance of the
detector and therefore must be corrected through calibra-
tions. Since neutrino oscillations are a function of the
neutrino energy, a thorough understanding of the detector
energy scale is important for precision measurements.
At the same time the range of energies of interest to

atmospheric neutrino analysis spans from tens of MeV to
tens of TeV, eliminating the possibility of calibration
through radioactive isotopes. Accordingly, the energy scale
is calibrated using natural sidebands covering a variety of
energies. Neutral pions reconstructed from atmospheric

neutrino interactions provide a calibration point via the π0

momentum and stopping cosmic ray muons of various
momenta are used to measure photoelectron production as
a function of muon track length (Cherenkov angle) for
multi-GeV (sub-GeV) energies. Here the muon track length
is estimated using the distance between the entering vertex
and the position of the electron produced in its subsequent
decay. The energy spectrum of these Michel electrons
additionally serves as a low energy calibration point.
Figure 3 shows the absolute energy scale measurement
using each of these samples.
In the oscillation analysis the absolute energy scale

uncertainty is conservatively taken to be the value of the

FIG. 2. Oscillation probabilities for neutrinos (upper panels) and antineutrinos (lower panels) as a function of energy and zenith angle
assuming a normal mass hierarchy. Matter effects in the Earth produce the distortions in the neutrino figures between two and ten GeV,
which are not present in the antineutrino figures. Distortions in the νμ survival probability and enhancements in the νe appearance
probability occur primarily in angular regions corresponding to neutrino propagation across both the outer core and mantle regions
(cosine zenith < −0.9) and propagation through the mantle and crust (−0.9 < cosine zenith < −0.45). For an inverted hierarchy the
matter effects appear in the antineutrino figures instead. Here the oscillation parameters are taken to be Δm2

32 ¼ 2.5 × 10−3 eV2,
sin2 θ23 ¼ 0.5, sin2 θ13 ¼ 0.0219, and δCP ¼ 0.

K. ABE et al. PHYS. REV. D 97, 072001 (2018)
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IceCube 
ORCA

SuperK
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FIG. 3. Comparative distributions of observed event data to
the MC as a function of the ratio of reconstructed neutrino
baseline (L) to energy (E) with error bars showing the Poisson
statistical error of data. Shown in the panels top to bottom
are each of the PID score bins: 0 – 0.25 (cascade-like), 0.25 –
0.55 (track- and cascade-like), and 0.55 – 1.0 (track-like). The
dashed histograms show the MC distributions with best-fit
parameters, with the absence of ⌫µ disappearance (✓23 = 0).

signature (see Fig. 2 and Fig. 3). Splitting the analysis
histogram into PID bins provides a more off-signal region
with which to constrain the systematic uncertainties, as
does the inclusion of energies above where oscillations are
expected (see [22] including Figs. 7-9).
Analysis–Models of the systematic uncertainties largely
follow those presented in [10], with some modifications on
the priors and ranges in updated treatments (see [22]).
Uncertainty in the photon detection efficiency is charac-
terised by an absolute DOM efficiency scale and two rela-
tive efficiencies based on the photon incidence angle with

FIG. 4. Showing the pulls for the systematic uncertainty
parameters compared with the ranges of their priors of the
data analysis.

respect to the DOMs (‘Rel. eff. p0’, ‘Rel. eff. p1’) that
account for the local properties of the re-frozen ice near
the sensors following installation [23]. Uncertainty in
the ‘scattering’ and ‘absorption’ properties of the undis-
turbed bulk glacial ice are also included. Furthermore,
a new calibration model accounting for the birefringent
polycrystalline microstructure of the ice [24] has been in-
troduced to describe the azimuthal anisotropy observed
in the ice. We employed a new systematic parameter
(‘BFR eff.’) in this analysis that interpolates between
this new model and the previous baseline model where
the anisotropy was accounted for by an empirical model
(SPICE-3.2.1 [25]).

Conservative uncertainties in the atmospheric neutrino
flux as defined in [26] were adopted with their impact
evaluated using the MCEq software package [27]. Two
(three) effective parameters describing kaon (pion) pro-
duction during cosmic-ray interactions with nuclei in
the atmosphere are varied in the analysis, in addition
to an overall uncertainty in the power law spectral in-
dex (��⌫). The overall normalization of both the neu-
trino (‘Aeff scale’) and muon (‘Atm. µ scale’) rates
are also fit parameters, meaning the oscillation param-
eter measurement is independent of the absolute atmo-
spheric flux. Uncertainties in the neutrino-ice cross sec-
tion due to axial currents in the quasielastic and reso-
nance channels (‘MCCQE/RES

A ’) are included, and inter-
polation is done between the GENIE [21] (low-energy)
and CSMS [28] (high-energy) deep inelastic scattering
(DIS) cross-section models in the analysis energy range
(‘DIS CSMS’).

The nuisance parameters are fit together with the os-
cillation parameters to the data using a log-likelihood

DeepCore 
Track-like ← Unosc.

7
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are each of the PID score bins: 0 – 0.25 (cascade-like), 0.25 –
0.55 (track- and cascade-like), and 0.55 – 1.0 (track-like). The
dashed histograms show the MC distributions with best-fit
parameters, with the absence of ⌫µ disappearance (✓23 = 0).

signature (see Fig. 2 and Fig. 3). Splitting the analysis
histogram into PID bins provides a more off-signal region
with which to constrain the systematic uncertainties, as
does the inclusion of energies above where oscillations are
expected (see [22] including Figs. 7-9).
Analysis–Models of the systematic uncertainties largely
follow those presented in [10], with some modifications on
the priors and ranges in updated treatments (see [22]).
Uncertainty in the photon detection efficiency is charac-
terised by an absolute DOM efficiency scale and two rela-
tive efficiencies based on the photon incidence angle with
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respect to the DOMs (‘Rel. eff. p0’, ‘Rel. eff. p1’) that
account for the local properties of the re-frozen ice near
the sensors following installation [23]. Uncertainty in
the ‘scattering’ and ‘absorption’ properties of the undis-
turbed bulk glacial ice are also included. Furthermore,
a new calibration model accounting for the birefringent
polycrystalline microstructure of the ice [24] has been in-
troduced to describe the azimuthal anisotropy observed
in the ice. We employed a new systematic parameter
(‘BFR eff.’) in this analysis that interpolates between
this new model and the previous baseline model where
the anisotropy was accounted for by an empirical model
(SPICE-3.2.1 [25]).

Conservative uncertainties in the atmospheric neutrino
flux as defined in [26] were adopted with their impact
evaluated using the MCEq software package [27]. Two
(three) effective parameters describing kaon (pion) pro-
duction during cosmic-ray interactions with nuclei in
the atmosphere are varied in the analysis, in addition
to an overall uncertainty in the power law spectral in-
dex (��⌫). The overall normalization of both the neu-
trino (‘Aeff scale’) and muon (‘Atm. µ scale’) rates
are also fit parameters, meaning the oscillation param-
eter measurement is independent of the absolute atmo-
spheric flux. Uncertainties in the neutrino-ice cross sec-
tion due to axial currents in the quasielastic and reso-
nance channels (‘MCCQE/RES

A ’) are included, and inter-
polation is done between the GENIE [21] (low-energy)
and CSMS [28] (high-energy) deep inelastic scattering
(DIS) cross-section models in the analysis energy range
(‘DIS CSMS’).

The nuisance parameters are fit together with the os-
cillation parameters to the data using a log-likelihood
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(LLH) as the test statistic of the form:

LLH =

X

i2bins

log

⇣nno
i e�ni

no!

⌘
�

1

2

X

j2syst

(ŝj � sj)2

�2
j

. (2)

Here the first term is a Poisson likelihood where ni (no) is
the number of expected (observed) events in bin i and the
second term serves as a penalty term for the systematic
parameters j which have Gaussian priors �j . The results
of fitted nuisance parameters compared to their priors
are shown in Fig. 4 (and Table II in [22]) and discussed
next.
Results and Conclusion– An atmospheric neutrino
dataset obtained over 3,387 days between 2012-2021,
with a total of 150,257 neutrino candidates, has been
used in this analysis. The most track-like bin has highest
purity of ⌫µ CC events and shows the most distinctive
disappearance signature. We obtain a goodness-of-fit p-
value of 19.2%. As shown in Table II, all nuisance param-
eters fitted to values well within their expected ranges.

To determine the confidence intervals for the oscillation
parameters, the Feldman-Cousins’ unified approach [29,
30] is used for all errors and plots. We report the pa-
rameters and 1� errors of �m2

32 = 2.40+0.05
�0.04 ⇥ 10

�3 eV2

and sin
2
(✓23) = 0.54+0.04

�0.03, in the normal neutrino mass
ordering. The 90% confidence level (C.L.) contour of
sin

2
(✓23) and �m2

32 for the normal neutrino mass order-
ing (m3 > m2 > m1) of this result, compared with the
results from the other experiments, is shown in Fig. 5.

FIG. 5. Contours showing Feldman-Cousins 90% C.L. as-
suming neutrino normal mass ordering of this analysis (black,
‘IceCube 2024’) compared to those from NOvA [31], T2K
[32], Super-Kamiokande [33], and MINOS+ [34]. The best-fit
physics parameters are indicated with a black circle.

This result is of similar precision to and consistent

with measurements from accelerator and reactor [35] neu-
trino experiments while uniquely using neutrinos of much
higher energy over longer baselines, supporting the stan-
dard 3⌫ paradigm of neutrino mixing. The upcoming
IceCube Upgrade [36] next generation detector will en-
able significant improvements to this measurement in the
coming decade.
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 disappearanceνμ

quantity of underground water available to fill the detector
and maintain its temperature. These changes impact the
water transparency and subsequent performance of the
detector and therefore must be corrected through calibra-
tions. Since neutrino oscillations are a function of the
neutrino energy, a thorough understanding of the detector
energy scale is important for precision measurements.
At the same time the range of energies of interest to

atmospheric neutrino analysis spans from tens of MeV to
tens of TeV, eliminating the possibility of calibration
through radioactive isotopes. Accordingly, the energy scale
is calibrated using natural sidebands covering a variety of
energies. Neutral pions reconstructed from atmospheric

neutrino interactions provide a calibration point via the π0

momentum and stopping cosmic ray muons of various
momenta are used to measure photoelectron production as
a function of muon track length (Cherenkov angle) for
multi-GeV (sub-GeV) energies. Here the muon track length
is estimated using the distance between the entering vertex
and the position of the electron produced in its subsequent
decay. The energy spectrum of these Michel electrons
additionally serves as a low energy calibration point.
Figure 3 shows the absolute energy scale measurement
using each of these samples.
In the oscillation analysis the absolute energy scale

uncertainty is conservatively taken to be the value of the

FIG. 2. Oscillation probabilities for neutrinos (upper panels) and antineutrinos (lower panels) as a function of energy and zenith angle
assuming a normal mass hierarchy. Matter effects in the Earth produce the distortions in the neutrino figures between two and ten GeV,
which are not present in the antineutrino figures. Distortions in the νμ survival probability and enhancements in the νe appearance
probability occur primarily in angular regions corresponding to neutrino propagation across both the outer core and mantle regions
(cosine zenith < −0.9) and propagation through the mantle and crust (−0.9 < cosine zenith < −0.45). For an inverted hierarchy the
matter effects appear in the antineutrino figures instead. Here the oscillation parameters are taken to be Δm2

32 ¼ 2.5 × 10−3 eV2,
sin2 θ23 ¼ 0.5, sin2 θ13 ¼ 0.0219, and δCP ¼ 0.
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FIG. 3. Comparative distributions of observed event data to
the MC as a function of the ratio of reconstructed neutrino
baseline (L) to energy (E) with error bars showing the Poisson
statistical error of data. Shown in the panels top to bottom
are each of the PID score bins: 0 – 0.25 (cascade-like), 0.25 –
0.55 (track- and cascade-like), and 0.55 – 1.0 (track-like). The
dashed histograms show the MC distributions with best-fit
parameters, with the absence of ⌫µ disappearance (✓23 = 0).

signature (see Fig. 2 and Fig. 3). Splitting the analysis
histogram into PID bins provides a more off-signal region
with which to constrain the systematic uncertainties, as
does the inclusion of energies above where oscillations are
expected (see [22] including Figs. 7-9).
Analysis–Models of the systematic uncertainties largely
follow those presented in [10], with some modifications on
the priors and ranges in updated treatments (see [22]).
Uncertainty in the photon detection efficiency is charac-
terised by an absolute DOM efficiency scale and two rela-
tive efficiencies based on the photon incidence angle with

FIG. 4. Showing the pulls for the systematic uncertainty
parameters compared with the ranges of their priors of the
data analysis.

respect to the DOMs (‘Rel. eff. p0’, ‘Rel. eff. p1’) that
account for the local properties of the re-frozen ice near
the sensors following installation [23]. Uncertainty in
the ‘scattering’ and ‘absorption’ properties of the undis-
turbed bulk glacial ice are also included. Furthermore,
a new calibration model accounting for the birefringent
polycrystalline microstructure of the ice [24] has been in-
troduced to describe the azimuthal anisotropy observed
in the ice. We employed a new systematic parameter
(‘BFR eff.’) in this analysis that interpolates between
this new model and the previous baseline model where
the anisotropy was accounted for by an empirical model
(SPICE-3.2.1 [25]).

Conservative uncertainties in the atmospheric neutrino
flux as defined in [26] were adopted with their impact
evaluated using the MCEq software package [27]. Two
(three) effective parameters describing kaon (pion) pro-
duction during cosmic-ray interactions with nuclei in
the atmosphere are varied in the analysis, in addition
to an overall uncertainty in the power law spectral in-
dex (��⌫). The overall normalization of both the neu-
trino (‘Aeff scale’) and muon (‘Atm. µ scale’) rates
are also fit parameters, meaning the oscillation param-
eter measurement is independent of the absolute atmo-
spheric flux. Uncertainties in the neutrino-ice cross sec-
tion due to axial currents in the quasielastic and reso-
nance channels (‘MCCQE/RES

A ’) are included, and inter-
polation is done between the GENIE [21] (low-energy)
and CSMS [28] (high-energy) deep inelastic scattering
(DIS) cross-section models in the analysis energy range
(‘DIS CSMS’).

The nuisance parameters are fit together with the os-
cillation parameters to the data using a log-likelihood
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Here the first term is a Poisson likelihood where ni (no) is
the number of expected (observed) events in bin i and the
second term serves as a penalty term for the systematic
parameters j which have Gaussian priors �j . The results
of fitted nuisance parameters compared to their priors
are shown in Fig. 4 (and Table II in [22]) and discussed
next.
Results and Conclusion– An atmospheric neutrino
dataset obtained over 3,387 days between 2012-2021,
with a total of 150,257 neutrino candidates, has been
used in this analysis. The most track-like bin has highest
purity of ⌫µ CC events and shows the most distinctive
disappearance signature. We obtain a goodness-of-fit p-
value of 19.2%. As shown in Table II, all nuisance param-
eters fitted to values well within their expected ranges.

To determine the confidence intervals for the oscillation
parameters, the Feldman-Cousins’ unified approach [29,
30] is used for all errors and plots. We report the pa-
rameters and 1� errors of �m2

32 = 2.40+0.05
�0.04 ⇥ 10

�3 eV2

and sin
2
(✓23) = 0.54+0.04

�0.03, in the normal neutrino mass
ordering. The 90% confidence level (C.L.) contour of
sin

2
(✓23) and �m2

32 for the normal neutrino mass order-
ing (m3 > m2 > m1) of this result, compared with the
results from the other experiments, is shown in Fig. 5.

FIG. 5. Contours showing Feldman-Cousins 90% C.L. as-
suming neutrino normal mass ordering of this analysis (black,
‘IceCube 2024’) compared to those from NOvA [31], T2K
[32], Super-Kamiokande [33], and MINOS+ [34]. The best-fit
physics parameters are indicated with a black circle.

This result is of similar precision to and consistent

with measurements from accelerator and reactor [35] neu-
trino experiments while uniquely using neutrinos of much
higher energy over longer baselines, supporting the stan-
dard 3⌫ paradigm of neutrino mixing. The upcoming
IceCube Upgrade [36] next generation detector will en-
able significant improvements to this measurement in the
coming decade.
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Here the first term is a Poisson likelihood where ni (no) is
the number of expected (observed) events in bin i and the
second term serves as a penalty term for the systematic
parameters j which have Gaussian priors �j . The results
of fitted nuisance parameters compared to their priors
are shown in Fig. 4 (and Table II in [22]) and discussed
next.
Results and Conclusion– An atmospheric neutrino
dataset obtained over 3,387 days between 2012-2021,
with a total of 150,257 neutrino candidates, has been
used in this analysis. The most track-like bin has highest
purity of ⌫µ CC events and shows the most distinctive
disappearance signature. We obtain a goodness-of-fit p-
value of 19.2%. As shown in Table II, all nuisance param-
eters fitted to values well within their expected ranges.

To determine the confidence intervals for the oscillation
parameters, the Feldman-Cousins’ unified approach [29,
30] is used for all errors and plots. We report the pa-
rameters and 1� errors of �m2
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2
(✓23) and �m2

32 for the normal neutrino mass order-
ing (m3 > m2 > m1) of this result, compared with the
results from the other experiments, is shown in Fig. 5.

FIG. 5. Contours showing Feldman-Cousins 90% C.L. as-
suming neutrino normal mass ordering of this analysis (black,
‘IceCube 2024’) compared to those from NOvA [31], T2K
[32], Super-Kamiokande [33], and MINOS+ [34]. The best-fit
physics parameters are indicated with a black circle.

This result is of similar precision to and consistent

with measurements from accelerator and reactor [35] neu-
trino experiments while uniquely using neutrinos of much
higher energy over longer baselines, supporting the stan-
dard 3⌫ paradigm of neutrino mixing. The upcoming
IceCube Upgrade [36] next generation detector will en-
able significant improvements to this measurement in the
coming decade.
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 disappearanceνμ

quantity of underground water available to fill the detector
and maintain its temperature. These changes impact the
water transparency and subsequent performance of the
detector and therefore must be corrected through calibra-
tions. Since neutrino oscillations are a function of the
neutrino energy, a thorough understanding of the detector
energy scale is important for precision measurements.
At the same time the range of energies of interest to

atmospheric neutrino analysis spans from tens of MeV to
tens of TeV, eliminating the possibility of calibration
through radioactive isotopes. Accordingly, the energy scale
is calibrated using natural sidebands covering a variety of
energies. Neutral pions reconstructed from atmospheric

neutrino interactions provide a calibration point via the π0

momentum and stopping cosmic ray muons of various
momenta are used to measure photoelectron production as
a function of muon track length (Cherenkov angle) for
multi-GeV (sub-GeV) energies. Here the muon track length
is estimated using the distance between the entering vertex
and the position of the electron produced in its subsequent
decay. The energy spectrum of these Michel electrons
additionally serves as a low energy calibration point.
Figure 3 shows the absolute energy scale measurement
using each of these samples.
In the oscillation analysis the absolute energy scale

uncertainty is conservatively taken to be the value of the

FIG. 2. Oscillation probabilities for neutrinos (upper panels) and antineutrinos (lower panels) as a function of energy and zenith angle
assuming a normal mass hierarchy. Matter effects in the Earth produce the distortions in the neutrino figures between two and ten GeV,
which are not present in the antineutrino figures. Distortions in the νμ survival probability and enhancements in the νe appearance
probability occur primarily in angular regions corresponding to neutrino propagation across both the outer core and mantle regions
(cosine zenith < −0.9) and propagation through the mantle and crust (−0.9 < cosine zenith < −0.45). For an inverted hierarchy the
matter effects appear in the antineutrino figures instead. Here the oscillation parameters are taken to be Δm2

32 ¼ 2.5 × 10−3 eV2,
sin2 θ23 ¼ 0.5, sin2 θ13 ¼ 0.0219, and δCP ¼ 0.
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FIG. 3. Comparative distributions of observed event data to
the MC as a function of the ratio of reconstructed neutrino
baseline (L) to energy (E) with error bars showing the Poisson
statistical error of data. Shown in the panels top to bottom
are each of the PID score bins: 0 – 0.25 (cascade-like), 0.25 –
0.55 (track- and cascade-like), and 0.55 – 1.0 (track-like). The
dashed histograms show the MC distributions with best-fit
parameters, with the absence of ⌫µ disappearance (✓23 = 0).

signature (see Fig. 2 and Fig. 3). Splitting the analysis
histogram into PID bins provides a more off-signal region
with which to constrain the systematic uncertainties, as
does the inclusion of energies above where oscillations are
expected (see [22] including Figs. 7-9).
Analysis–Models of the systematic uncertainties largely
follow those presented in [10], with some modifications on
the priors and ranges in updated treatments (see [22]).
Uncertainty in the photon detection efficiency is charac-
terised by an absolute DOM efficiency scale and two rela-
tive efficiencies based on the photon incidence angle with

FIG. 4. Showing the pulls for the systematic uncertainty
parameters compared with the ranges of their priors of the
data analysis.

respect to the DOMs (‘Rel. eff. p0’, ‘Rel. eff. p1’) that
account for the local properties of the re-frozen ice near
the sensors following installation [23]. Uncertainty in
the ‘scattering’ and ‘absorption’ properties of the undis-
turbed bulk glacial ice are also included. Furthermore,
a new calibration model accounting for the birefringent
polycrystalline microstructure of the ice [24] has been in-
troduced to describe the azimuthal anisotropy observed
in the ice. We employed a new systematic parameter
(‘BFR eff.’) in this analysis that interpolates between
this new model and the previous baseline model where
the anisotropy was accounted for by an empirical model
(SPICE-3.2.1 [25]).

Conservative uncertainties in the atmospheric neutrino
flux as defined in [26] were adopted with their impact
evaluated using the MCEq software package [27]. Two
(three) effective parameters describing kaon (pion) pro-
duction during cosmic-ray interactions with nuclei in
the atmosphere are varied in the analysis, in addition
to an overall uncertainty in the power law spectral in-
dex (��⌫). The overall normalization of both the neu-
trino (‘Aeff scale’) and muon (‘Atm. µ scale’) rates
are also fit parameters, meaning the oscillation param-
eter measurement is independent of the absolute atmo-
spheric flux. Uncertainties in the neutrino-ice cross sec-
tion due to axial currents in the quasielastic and reso-
nance channels (‘MCCQE/RES

A ’) are included, and inter-
polation is done between the GENIE [21] (low-energy)
and CSMS [28] (high-energy) deep inelastic scattering
(DIS) cross-section models in the analysis energy range
(‘DIS CSMS’).

The nuisance parameters are fit together with the os-
cillation parameters to the data using a log-likelihood
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From matter resonance

that values of sin2 θ23 in both octants are allowed at the
1σ level.

V. INTERPRETATION

Table V summarizes the fit results of the analyses
presented in this work. In both analyses, the normal
ordering is preferred, and the best-fit oscillation parameters
predict weaker sensitivities to the neutrino mass ordering
than the observed Δχ2I:O:−N:O:. To quantify the significance
of the mass-ordering preference from the fit results, we
generated ensembles of toy datasets to produce the distri-
bution of the Δχ2I:O:−N:O: statistic.

3 Each toy dataset consists
of fluctuated counts according to each bin’s statistical
uncertainty, which are scaled by randomly sampling the
systematic uncertainty coefficients. Ensembles were gener-
ated assuming both the normal and inverted mass orderings
and with oscillation parameters fixed at the best-fit points.
We fit each toy dataset in each ordering withΔm2

32, sin
2 θ23,

and δCP as free parameters to compute Δχ2I:O:−N:O:.
Figure 18 shows the distribution of Δχ2I:O:−N:O: compared

with the data fit result for the atmospheric analysis with
sin2 θ13 constrained. The probability of observing a more
extreme result than the data (the p-value) is given by the
area to the right of the data line in the normal-ordering
scenario, and by the area to the left of the data line in the
inverted-ordering scenario. While the figure shows the p-
value determined from simulated datasets for the inverted
mass ordering is 0.0091, we note that with the present SK
statistics, the expected sensitivity remains weak for
rejecting either ordering. Indeed, the p-value for the data
result within the normal ordering, 0.88, is not especially
likely either. For the situation in which the data must select
between two mutually exclusive hypotheses, the CLs
method [56] provides an estimate of the p-value that
considers simultaneous agreement from both hypotheses:

CLs ¼
pI:O:

1 − pN:O:
; ð13Þ

where pN:O: and pI:O: refer to the p-values in the normal or
inverted ordering. This prescription decreases the signifi-
cance for rejecting the inverted hypothesis proportional to
the simultaneous significance of accepting the normal-
ordering hypothesis. The CLs for the atmospheric analysis
with sin2 θ13 constrained is 0.077, corresponding to a
rejection of the inverted mass ordering at the 92.3% con-
fidence level. This number is similar to the previous SK
result, CLs ¼ 0.070 [5], despite originating from a larger
Δχ2, 5.69 versus 4.33. While the mass-ordering sensitivity
and data result both increased for this analysis, the proba-
bility of obtaining the data result simultaneously decreased in
both orderings, resulting in a similar CLs value.
The p-value obtained from toy datasets depends on the

choice of oscillation parameters. While the atmospheric
analysis places sin2 θ23 in the lower octant, values of
sin2 θ23 spanning both octants are allowed at the 1σ level.

TABLE V. Best-fit neutrino oscillation parameters from the analyses presented in this work. The uncertainties on each oscillation
parameter are the $1σ allowed regions assuming a χ2 distribution with 1 degree of freedom. The second-to-last column shows the total
χ2. Both analyses have 930 bins.

Fit result Ordering jΔm2
32;31j (10−3 eV2) sin2 θ23 sin2 θ13 δCP ð−π; πÞ χ2 Δχ2I:O:−N:O:

SK, Atmospheric only Normal 2.40þ0.07
−0.09 0.45þ0.06

−0.03 0.020þ0.016
−0.011 −1.89þ0.87

−1.18 1022.06 5.23
Inverted 2.40þ0.05

−0.33 0.48þ0.07
−0.05 0.010þ0.021

−0.008 −1.89þ1.32
−1.97 1027.29

SK, sin2 θ13 Constrained Normal 2.40þ0.07
−0.09 0.45þ0.06

−0.03 & & & −1.75þ0.76
−1.25 1022.06 5.69

Inverted 2.40þ0.06
−0.12 0.45þ0.08

−0.03 & & & −1.75þ0.89
−1.22 1027.75

FIG. 18. Distribution of the mass-ordering preference statistic,
Δχ2I:O:−N:O:, for ensembles of simulated datasets, assuming either
the normal or inverted mass orderings. The data result from the
atmospheric analysis with sin2 θ13 constrained is shown as the
vertical black line. The blue and orange histograms indicate
the distribution of this statistic for toy datasets assuming the
normal and inverted ordering, respectively. The filled areas to the
left of the data result for inverted toy datasets and to the right of
the data result for normal toy datasets indicate the p-values.

3Because the two mass-ordering scenarios are not nested
hypotheses, taking the square root of Δχ2I:O:−N:O: to estimate the
significance by invokingWilks’ theorem is not recommended [55].
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mass orderings. The normal ordering is preferred: The
difference between the minimum χ2 in the inverted and
normal orderings is Δχ2I:O:−N:O: ¼ 5.23. The MC expect-
ation for the mass ordering at the best-fit oscillation
parameters is Δχ2I:O:−N:O: ¼ 1.53, indicated by dashed lines
in Fig. 14. The difference between the data result and the
MC expectation is discussed in Sec. V.
Sensitivity to δCP in the SK data originates from both

sub-GeV and multi-GeV e-like samples, where values of
δCP near −π=2 indicate increased νe appearance and
decreased ν̄e appearance relative to δCP ¼ 0. The best-fit
value of δCP is −1.89 in both orderings, signaling increased
νe appearance. The constraints on δCP and sin2 θ13 assum-
ing the inverted ordering are weaker, although consistent
with the best-fit values assuming the normal ordering.
These weaker constraints are an expected consequence of
the freedom to adjust sin2 θ13 and δCP simultaneously,
combined with the reduced antineutrino statistics relative to
neutrino statistics in the atmospheric neutrino data.

The preferred values of sin2 θ13 are 0.020 and 0.010 in
the normal ordering and inverted ordering, respectively.
Both results are consistent with the reactor-preferred value
of sin2 θ13 ¼ 0.0220 at the 90% confidence level, and
sin2 θ13 ¼ 0 is disfavored in the normal ordering at the
99% level. The data favor the magnitude of the fitted
squared-mass difference jΔm2

32;31j ¼ 2.40 × 10−3 eV2 in
both orderings. The nonsmooth behavior of the constraints
on this parameter, especially evident in the inverted order-
ing fit, is a consequence of rapidly varying oscillation
probabilities in the sub-GeV samples. Finally, the atmos-
pheric neutrino data place the best-fit value of sin2 θ23 in the
lower octant, sin2 θ23 ¼ 0.45, although values in each
octant are allowed at the 68% level.
As discussed in Sec. I A, the combination of nonzero

sin2 θ13 and a normal neutrino mass ordering leads to
electron neutrino appearance for upward-going multi-GeV
events. We observe excess electron-flavor upward-going
multi-GeV single-ring and multi-ring events in the SK data.
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FIG. 15. Up-down asymmetry for multi-GeV e-like events. The y axis is the asymmetry parameter, the ratio between the difference and
sum of upward-going (cos θz < 0.6) and downward-going (cos θz > 0.6) events. The x axis is the reconstructed neutrino energy: For
single-ring events, the reconstructed energy is the visible energy of the ring assuming the reconstructed ring is an electron, while for
mult-iring events, it is the total visible energy of the event. All error bars are statistical. MC lines for the normal and inverted orderings
are drawn assuming the best-fit oscillation parameters of the analysis with sin2 θ13 constrained. SK IV-V multi-GeV single-ring events
are selected using the number of tagged neutrons, and so they are separated from the SK I–III multi-GeV single-ring samples.
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mass orderings. The normal ordering is preferred: The
difference between the minimum χ2 in the inverted and
normal orderings is Δχ2I:O:−N:O: ¼ 5.23. The MC expect-
ation for the mass ordering at the best-fit oscillation
parameters is Δχ2I:O:−N:O: ¼ 1.53, indicated by dashed lines
in Fig. 14. The difference between the data result and the
MC expectation is discussed in Sec. V.
Sensitivity to δCP in the SK data originates from both

sub-GeV and multi-GeV e-like samples, where values of
δCP near −π=2 indicate increased νe appearance and
decreased ν̄e appearance relative to δCP ¼ 0. The best-fit
value of δCP is −1.89 in both orderings, signaling increased
νe appearance. The constraints on δCP and sin2 θ13 assum-
ing the inverted ordering are weaker, although consistent
with the best-fit values assuming the normal ordering.
These weaker constraints are an expected consequence of
the freedom to adjust sin2 θ13 and δCP simultaneously,
combined with the reduced antineutrino statistics relative to
neutrino statistics in the atmospheric neutrino data.

The preferred values of sin2 θ13 are 0.020 and 0.010 in
the normal ordering and inverted ordering, respectively.
Both results are consistent with the reactor-preferred value
of sin2 θ13 ¼ 0.0220 at the 90% confidence level, and
sin2 θ13 ¼ 0 is disfavored in the normal ordering at the
99% level. The data favor the magnitude of the fitted
squared-mass difference jΔm2

32;31j ¼ 2.40 × 10−3 eV2 in
both orderings. The nonsmooth behavior of the constraints
on this parameter, especially evident in the inverted order-
ing fit, is a consequence of rapidly varying oscillation
probabilities in the sub-GeV samples. Finally, the atmos-
pheric neutrino data place the best-fit value of sin2 θ23 in the
lower octant, sin2 θ23 ¼ 0.45, although values in each
octant are allowed at the 68% level.
As discussed in Sec. I A, the combination of nonzero

sin2 θ13 and a normal neutrino mass ordering leads to
electron neutrino appearance for upward-going multi-GeV
events. We observe excess electron-flavor upward-going
multi-GeV single-ring and multi-ring events in the SK data.
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FIG. 15. Up-down asymmetry for multi-GeV e-like events. The y axis is the asymmetry parameter, the ratio between the difference and
sum of upward-going (cos θz < 0.6) and downward-going (cos θz > 0.6) events. The x axis is the reconstructed neutrino energy: For
single-ring events, the reconstructed energy is the visible energy of the ring assuming the reconstructed ring is an electron, while for
mult-iring events, it is the total visible energy of the event. All error bars are statistical. MC lines for the normal and inverted orderings
are drawn assuming the best-fit oscillation parameters of the analysis with sin2 θ13 constrained. SK IV-V multi-GeV single-ring events
are selected using the number of tagged neutrons, and so they are separated from the SK I–III multi-GeV single-ring samples.
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mass orderings. The normal ordering is preferred: The
difference between the minimum χ2 in the inverted and
normal orderings is Δχ2I:O:−N:O: ¼ 5.23. The MC expect-
ation for the mass ordering at the best-fit oscillation
parameters is Δχ2I:O:−N:O: ¼ 1.53, indicated by dashed lines
in Fig. 14. The difference between the data result and the
MC expectation is discussed in Sec. V.
Sensitivity to δCP in the SK data originates from both

sub-GeV and multi-GeV e-like samples, where values of
δCP near −π=2 indicate increased νe appearance and
decreased ν̄e appearance relative to δCP ¼ 0. The best-fit
value of δCP is −1.89 in both orderings, signaling increased
νe appearance. The constraints on δCP and sin2 θ13 assum-
ing the inverted ordering are weaker, although consistent
with the best-fit values assuming the normal ordering.
These weaker constraints are an expected consequence of
the freedom to adjust sin2 θ13 and δCP simultaneously,
combined with the reduced antineutrino statistics relative to
neutrino statistics in the atmospheric neutrino data.

The preferred values of sin2 θ13 are 0.020 and 0.010 in
the normal ordering and inverted ordering, respectively.
Both results are consistent with the reactor-preferred value
of sin2 θ13 ¼ 0.0220 at the 90% confidence level, and
sin2 θ13 ¼ 0 is disfavored in the normal ordering at the
99% level. The data favor the magnitude of the fitted
squared-mass difference jΔm2

32;31j ¼ 2.40 × 10−3 eV2 in
both orderings. The nonsmooth behavior of the constraints
on this parameter, especially evident in the inverted order-
ing fit, is a consequence of rapidly varying oscillation
probabilities in the sub-GeV samples. Finally, the atmos-
pheric neutrino data place the best-fit value of sin2 θ23 in the
lower octant, sin2 θ23 ¼ 0.45, although values in each
octant are allowed at the 68% level.
As discussed in Sec. I A, the combination of nonzero

sin2 θ13 and a normal neutrino mass ordering leads to
electron neutrino appearance for upward-going multi-GeV
events. We observe excess electron-flavor upward-going
multi-GeV single-ring and multi-ring events in the SK data.
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FIG. 15. Up-down asymmetry for multi-GeV e-like events. The y axis is the asymmetry parameter, the ratio between the difference and
sum of upward-going (cos θz < 0.6) and downward-going (cos θz > 0.6) events. The x axis is the reconstructed neutrino energy: For
single-ring events, the reconstructed energy is the visible energy of the ring assuming the reconstructed ring is an electron, while for
mult-iring events, it is the total visible energy of the event. All error bars are statistical. MC lines for the normal and inverted orderings
are drawn assuming the best-fit oscillation parameters of the analysis with sin2 θ13 constrained. SK IV-V multi-GeV single-ring events
are selected using the number of tagged neutrons, and so they are separated from the SK I–III multi-GeV single-ring samples.
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mass orderings. The normal ordering is preferred: The
difference between the minimum χ2 in the inverted and
normal orderings is Δχ2I:O:−N:O: ¼ 5.23. The MC expect-
ation for the mass ordering at the best-fit oscillation
parameters is Δχ2I:O:−N:O: ¼ 1.53, indicated by dashed lines
in Fig. 14. The difference between the data result and the
MC expectation is discussed in Sec. V.
Sensitivity to δCP in the SK data originates from both

sub-GeV and multi-GeV e-like samples, where values of
δCP near −π=2 indicate increased νe appearance and
decreased ν̄e appearance relative to δCP ¼ 0. The best-fit
value of δCP is −1.89 in both orderings, signaling increased
νe appearance. The constraints on δCP and sin2 θ13 assum-
ing the inverted ordering are weaker, although consistent
with the best-fit values assuming the normal ordering.
These weaker constraints are an expected consequence of
the freedom to adjust sin2 θ13 and δCP simultaneously,
combined with the reduced antineutrino statistics relative to
neutrino statistics in the atmospheric neutrino data.

The preferred values of sin2 θ13 are 0.020 and 0.010 in
the normal ordering and inverted ordering, respectively.
Both results are consistent with the reactor-preferred value
of sin2 θ13 ¼ 0.0220 at the 90% confidence level, and
sin2 θ13 ¼ 0 is disfavored in the normal ordering at the
99% level. The data favor the magnitude of the fitted
squared-mass difference jΔm2

32;31j ¼ 2.40 × 10−3 eV2 in
both orderings. The nonsmooth behavior of the constraints
on this parameter, especially evident in the inverted order-
ing fit, is a consequence of rapidly varying oscillation
probabilities in the sub-GeV samples. Finally, the atmos-
pheric neutrino data place the best-fit value of sin2 θ23 in the
lower octant, sin2 θ23 ¼ 0.45, although values in each
octant are allowed at the 68% level.
As discussed in Sec. I A, the combination of nonzero

sin2 θ13 and a normal neutrino mass ordering leads to
electron neutrino appearance for upward-going multi-GeV
events. We observe excess electron-flavor upward-going
multi-GeV single-ring and multi-ring events in the SK data.
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FIG. 15. Up-down asymmetry for multi-GeV e-like events. The y axis is the asymmetry parameter, the ratio between the difference and
sum of upward-going (cos θz < 0.6) and downward-going (cos θz > 0.6) events. The x axis is the reconstructed neutrino energy: For
single-ring events, the reconstructed energy is the visible energy of the ring assuming the reconstructed ring is an electron, while for
mult-iring events, it is the total visible energy of the event. All error bars are statistical. MC lines for the normal and inverted orderings
are drawn assuming the best-fit oscillation parameters of the analysis with sin2 θ13 constrained. SK IV-V multi-GeV single-ring events
are selected using the number of tagged neutrons, and so they are separated from the SK I–III multi-GeV single-ring samples.
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(subset of sensitive samples shown)

← 
NO-like

→ 
IO-like

assuming the current best-fit value of θ23; see Fig. 18. As
we discuss in Sec. VIII, those measurements are primarily
limited by statistics. In the Supplemental Material [38], we
check that our main results and conclusions are indepen-
dent of the benchmark scenario considered.
The neutrino mass spectra enter the neutrino oscillation

expressions through the signof themass-squareddifferences.
The neutrino mass states are conventionally labeled by their
decreasing number of electron-neutrino components, where
ν1 is the state that has the most electron neutrinos and ν3 the
least; in symbols, jUe1j > jUe2j > jUe3j. From solar neu-
trino oscillations, it is known that the second mass state ν2 is
heavier than the first one ν1; however, it is not known if ν3 is
heavier (normal ordering, NO) or lighter (abnormal or
inverted ordering, IO) than the other two states. This is
referred to as the neutrino ordering problem and is one of the
main objectives of JUNO [39] and next-generation neutrino
experiments DUNE [40] and Hyper-Kamiokande [28].
Currently, the combination of neutrino data favors normal
orderingmildly, although no conclusivemeasurement of this
has been achieved to date. In this article, we show that the
combination of neutrino experiments discussed in this work
determine the neutrino ordering at more than 5σ [41].
Atmospheric neutrino experiments can reach 4σ sensitivity
before the next generation of neutrino accelerator experi-
ments starts taking data; Fig. 3. The sensitivity to this
parameter is mainly affected by statistics and the missre-
construction of ντ interaction represented by the ντ cross
section as discussed in Sec. VIII. In Sec. III, we summarize
the status of the neutrino cross-section measurements along
with the most relevant experimental measurement that will
happen in the next year and will contribute to increasing the
sensitivity over that parameter.
Finally, we turn to the question of CP violation in the

leptonic sector, which has been previously discussed in
the context of atmospheric neutrino experiments [45]. The
combination of the experiments considered in this work
provides a measurement of the CP-violating phase that
shrinks the allowed region in a factor of 5 (Fig. 2),
assuming the preferred value of T2K [46] and SuperK
[43,47] measurements, being able to exclude more than half
of the allowed parameter space at more than 90% CL for
any value of δCP: see Sec. VII. The capacity to measure the
CP phase is dominated by SuperK and HyperK due to
their large low-energy neutrino efficiency and neutrino-
antineutrino separation ability. The improved neutrino-
antineutrino separation is due to a recent upgrade of
SuperK, where the detector is doped with gadolinium
(SKGd). See Sec. VI for a detailed description of the
detector response and the simulation used in this analysis.
The combination of a precision measurement of the
oscillation parameters by the neutrino telescopes and an
improve SuperK detector allows us to bring new and
complementary information on the CP phase compared
to that obtained by long-baseline experiments. This is of

particular interest since measurements by current long-
baseline experiments in the continental United States and
Japan are in mild tension. This work shows, for the first
time, that atmospheric experiments have the potential to
weigh in on this tension. Finally, our work implies that
before the operation of the next-generation neutrino detec-
tors—DUNE, Hyper-Kamiokande, and IceCube-Gen2—
we will have two independent measurements of the CP
phase: one from the combination of accelerator neutrinos
(i.e., T2K and NOνA) and another one from the combi-
nation of atmospheric neutrinos.
The combination of the SuperK, IceCube Upgrade,

ORCA, and HyperK has a twofold purpose of solving
open questions in neutrino physics and providing initial
input for the next generation of neutrino experiments. In
this work, we develop for the first time the necessary tools
to perform such a combined analysis along with the most
realistic publicly available simulations for each experiment
involved. All of this allows us to make the first in-depth
analysis of those three experiments taking into account a
detailed description and implementation of the detector
responses and their common systematic uncertainties. The
work performed here is well beyond what has currently
been done in any prior global analysis of atmospheric
neutrinos. The result is the realistic projection of the

FIG. 3. Neutrino mass ordering sensitivity as a function of
years in operation. The cyan (orange) band shows the sensitivity
for rejecting the wrong ordering hypothesis for true normal
(inverted) ordering, assuming fixed sin2 θ13 ¼ 0.022. The width
of the bands covers the allowed values for sin2 θ23 from 0.45 to
0.6. The black dot corresponds to the last reported SuperK
neutrino mass ordering analysis [43]. For comparison, we also
include the prediction of the next-generation long-baseline
neutrino experiments that are supposed to start in mid-2027 in
the case of HyperK and 2029 in the case of DUNE [44].
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Figure 15 shows a projection of the multi-GeV e-like
samples as an up-down asymmetry

Asymmetry ¼ Up − Down
Upþ Down

; ð12Þ

where “Up” is the number of upward-going
(cos θz < −0.6) events, and “Down” is the number of
downward-going (cos θz > 0.6) events in each sample.
The figure plots the asymmetry for these data as a function
of reconstructed energy and the expected asymmetry for the
normal and inverted ordering scenarios, assuming the best-
fit oscillation parameters from the fit to all atmospheric
neutrino data. The νe-enhanced samples, multi-GeV νe-like
and multi-ring νe-like, have the largest excesses relative to
either ordering, and drive the preference for the normal
mass ordering in the analysis.

2. Results with reactor constraints on sin2 θ13
Figure 16 shows the 1DΔχ2 profiles for the fitted neutrino

oscillation parameters, assuming the constraint sin2 θ13 ¼
0.0220% 0.0007 from reactor antineutrino disappearance
experiments [31]. The constraint on sin2 θ13 is incorporated
by introducing an additional systematic uncertainty for this
fit, where the 1σ effect is defined as the change induced by
varying sin2 θ13 by its measured 1σ uncertainty.
The best-fit value of δCP in both the normal and inverted

orderings for the fit with sin2 θ13 constrained is −1.75,
which is consistent with the atmospheric-only analysis at
the 1σ level. This fit also finds improved constraints on δCP
in the inverted ordering for values near π=2: The constraint
on sin2 θ13 fixes the effect size of the mass ordering, such
that the separate modifications to νe appearance from δCP
are more readily resolved.
In this fit, the preference for the normal ordering

increases to Δχ2I:O:−N:O: ¼ 5.69. This improvement is con-
sistent with the observed preference for smaller values of
sin2 θ13 in the inverted ordering fit with sin2 θ13 free: The χ2

value in the inverted ordering increases with the added
constraint, while the χ2 value in the normal ordering
remains similar to the result without the constraint.
Figure 17 shows the constraints on sin2 θ23 andΔm2

32 from
the θ13-constrained analysis of SK atmospheric neutrino data
compared with the constraints from MINOS/MINOS+ [53],
NOvA [4], T2K [3], and IceCube [54]. The SK atmospheric
neutrino data are consistent with the other experiments at the
90% level.While the atmospheric neutrino data find a best-fit
value of sin2 θ23 in the lower octant, we note that the previous
publication found a best-fit value in the upper octant [5], and
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FIG. 16. 1DΔχ2 profiles of oscillation parameters in the analysis with sin2 θ13 constrained. Solid lines correspond to the data fit result,
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values of the χ2 distribution for 1 degree of freedom corresponding to 68%, 90%, 95%, and 99% probabilities.

0.35 0.4 0.45 0.5 0.55 0.6 0.65

23'2sin

2.0

2.2

2.4

2.6

2.8

3.0

3.2

3.4

)2
 e

V
-3

 (1
0

322
m%

Normal ordering, 90% C.L.
MINOS/MINOS+ 2020
NOvA 2020
T2K 2023
IceCube 2023
Super-K

FIG. 17. 2D constant Δχ2 contours of neutrino oscillation
parameters Δm2

32 and sin2 θ23 for the normal mass ordering.
Contours are drawn for a 90% critical χ2 value assuming 2 degrees
of freedom, with the Δχ2 computed for each experiment with
respect to the best-fit point in the normal mass ordering. The
Super-K contour shows the result of this analysis, and other
contours are adapted from publications by MINOS+ [53], NOvA
[4], T2K [3], and IceCube [54]. Best-fit points are indicated with
markers for each experiment.
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Using  constraint from reactorsθ13

← 92% CLs (IO)

average distance of 15 km above Earth’s surface. Neutrinos
produced on the other side of the Earth from a detector are
upward-going, θz ¼ π, and travel an approximate distance
of 13 000 km through the Earth. Oscillation signatures are
most evident in upward-going atmospheric neutrinos due to
the longer baselines.
A general atmospheric neutrino baseline begins at a

production point in the atmosphere and passes through the

Earth before ending at a detector near the surface. We
model the matter effects induced by passage through the
Earth assuming a simplified version of the preliminary
reference Earth model (PREM) [13], where the Earth is
treated as a sphere with radius REarth ¼ 6371 km and
contains concentric spherical shells of decreasing densities.
Table I lists the Earth layers and corresponding densities
assumed in this work.
To compute neutrino oscillation amplitudes through

layers of different matter densities, amplitudes along steps
through matter of fixed densities are multiplied together
[14]. The general matrix form of the propagated mass
eigenvectorsX for neutrinos passing through a fixed matter
density is

X ¼
X

k

!Y

j≠k

2EHMatter −M2
jI

M2
k −M2

j

"
exp

#
−i

M2
kL

2E

$
; ð8Þ

TABLE I. Neutrino propagation layers and corresponding
densities used for calculating neutrino oscillation probabilities
in this analysis, based on a simplified PREM [13].

Layer RMin (km) RMax (km) Density (g=cm3)

Atmosphere 6371 $ $ $ 0
Crust 5701 6371 3.3
Mantle 3480 5701 5.0
Outer core 1220 3480 11.3
Inner core 0 1220 13.0

FIG. 1. Electron-to-muon flavor oscillation probabilities of atmospheric neutrinos as a function of cosine zenith angle and neutrino
energy. The top row shows the probabilities for neutrinos and antineutrinos in the normal mass-ordering scenario, and the bottom row
shows the same probabilities for the inverted mass-ordering scenario. The probabilities are calculated assuming sin2 θ23 ¼ 0.5,
sin2 θ13 ¼ 0.022, sin2 θ12 ¼ 0.307, jΔm2

32;31j ¼ 2.4 × 10−3 eV2, Δm2
21 ¼ 7.53 × 10−5 eV2, and δCP ¼ −π=2. The matter effect

resonance is visible in the normal ordering for neutrinos (upper left) or the inverted ordering for antineutrinos (lower right) between
2 GeV and 10 GeV, and for cos θz ≲ −0.5.
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• SK also constrains  from normalization of sub-GeV 
-like events. Unlike accelerators, decoupled from MO. 

Interplay of  interference phase-shift and 
flux/xsec shape, fully smeared due to resolution.


• Weak indication of maximal CP violation 
but CP conservation still allowed 
Caveat: somewhat stronger exclusion than sensitivity. Due to 
parameter boundaries and degeneracies cannot take √  as 
sigmas.


• Prefer  over . 
Interesting contribution to NOvA and T2K’s NO constraints.
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Figure 15 shows a projection of the multi-GeV e-like
samples as an up-down asymmetry

Asymmetry ¼ Up − Down
Upþ Down

; ð12Þ

where “Up” is the number of upward-going
(cos θz < −0.6) events, and “Down” is the number of
downward-going (cos θz > 0.6) events in each sample.
The figure plots the asymmetry for these data as a function
of reconstructed energy and the expected asymmetry for the
normal and inverted ordering scenarios, assuming the best-
fit oscillation parameters from the fit to all atmospheric
neutrino data. The νe-enhanced samples, multi-GeV νe-like
and multi-ring νe-like, have the largest excesses relative to
either ordering, and drive the preference for the normal
mass ordering in the analysis.

2. Results with reactor constraints on sin2 θ13
Figure 16 shows the 1DΔχ2 profiles for the fitted neutrino

oscillation parameters, assuming the constraint sin2 θ13 ¼
0.0220% 0.0007 from reactor antineutrino disappearance
experiments [31]. The constraint on sin2 θ13 is incorporated
by introducing an additional systematic uncertainty for this
fit, where the 1σ effect is defined as the change induced by
varying sin2 θ13 by its measured 1σ uncertainty.
The best-fit value of δCP in both the normal and inverted

orderings for the fit with sin2 θ13 constrained is −1.75,
which is consistent with the atmospheric-only analysis at
the 1σ level. This fit also finds improved constraints on δCP
in the inverted ordering for values near π=2: The constraint
on sin2 θ13 fixes the effect size of the mass ordering, such
that the separate modifications to νe appearance from δCP
are more readily resolved.
In this fit, the preference for the normal ordering

increases to Δχ2I:O:−N:O: ¼ 5.69. This improvement is con-
sistent with the observed preference for smaller values of
sin2 θ13 in the inverted ordering fit with sin2 θ13 free: The χ2

value in the inverted ordering increases with the added
constraint, while the χ2 value in the normal ordering
remains similar to the result without the constraint.
Figure 17 shows the constraints on sin2 θ23 andΔm2

32 from
the θ13-constrained analysis of SK atmospheric neutrino data
compared with the constraints from MINOS/MINOS+ [53],
NOvA [4], T2K [3], and IceCube [54]. The SK atmospheric
neutrino data are consistent with the other experiments at the
90% level.While the atmospheric neutrino data find a best-fit
value of sin2 θ23 in the lower octant, we note that the previous
publication found a best-fit value in the upper octant [5], and
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average distance of 15 km above Earth’s surface. Neutrinos
produced on the other side of the Earth from a detector are
upward-going, θz ¼ π, and travel an approximate distance
of 13 000 km through the Earth. Oscillation signatures are
most evident in upward-going atmospheric neutrinos due to
the longer baselines.
A general atmospheric neutrino baseline begins at a

production point in the atmosphere and passes through the

Earth before ending at a detector near the surface. We
model the matter effects induced by passage through the
Earth assuming a simplified version of the preliminary
reference Earth model (PREM) [13], where the Earth is
treated as a sphere with radius REarth ¼ 6371 km and
contains concentric spherical shells of decreasing densities.
Table I lists the Earth layers and corresponding densities
assumed in this work.
To compute neutrino oscillation amplitudes through

layers of different matter densities, amplitudes along steps
through matter of fixed densities are multiplied together
[14]. The general matrix form of the propagated mass
eigenvectorsX for neutrinos passing through a fixed matter
density is

X ¼
X

k

!Y

j≠k

2EHMatter −M2
jI

M2
k −M2

j

"
exp

#
−i

M2
kL

2E

$
; ð8Þ

TABLE I. Neutrino propagation layers and corresponding
densities used for calculating neutrino oscillation probabilities
in this analysis, based on a simplified PREM [13].

Layer RMin (km) RMax (km) Density (g=cm3)

Atmosphere 6371 $ $ $ 0
Crust 5701 6371 3.3
Mantle 3480 5701 5.0
Outer core 1220 3480 11.3
Inner core 0 1220 13.0

FIG. 1. Electron-to-muon flavor oscillation probabilities of atmospheric neutrinos as a function of cosine zenith angle and neutrino
energy. The top row shows the probabilities for neutrinos and antineutrinos in the normal mass-ordering scenario, and the bottom row
shows the same probabilities for the inverted mass-ordering scenario. The probabilities are calculated assuming sin2 θ23 ¼ 0.5,
sin2 θ13 ¼ 0.022, sin2 θ12 ¼ 0.307, jΔm2

32;31j ¼ 2.4 × 10−3 eV2, Δm2
21 ¼ 7.53 × 10−5 eV2, and δCP ¼ −π=2. The matter effect

resonance is visible in the normal ordering for neutrinos (upper left) or the inverted ordering for antineutrinos (lower right) between
2 GeV and 10 GeV, and for cos θz ≲ −0.5.
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Figure 15 shows a projection of the multi-GeV e-like
samples as an up-down asymmetry

Asymmetry ¼ Up − Down
Upþ Down

; ð12Þ

where “Up” is the number of upward-going
(cos θz < −0.6) events, and “Down” is the number of
downward-going (cos θz > 0.6) events in each sample.
The figure plots the asymmetry for these data as a function
of reconstructed energy and the expected asymmetry for the
normal and inverted ordering scenarios, assuming the best-
fit oscillation parameters from the fit to all atmospheric
neutrino data. The νe-enhanced samples, multi-GeV νe-like
and multi-ring νe-like, have the largest excesses relative to
either ordering, and drive the preference for the normal
mass ordering in the analysis.

2. Results with reactor constraints on sin2 θ13
Figure 16 shows the 1DΔχ2 profiles for the fitted neutrino

oscillation parameters, assuming the constraint sin2 θ13 ¼
0.0220% 0.0007 from reactor antineutrino disappearance
experiments [31]. The constraint on sin2 θ13 is incorporated
by introducing an additional systematic uncertainty for this
fit, where the 1σ effect is defined as the change induced by
varying sin2 θ13 by its measured 1σ uncertainty.
The best-fit value of δCP in both the normal and inverted

orderings for the fit with sin2 θ13 constrained is −1.75,
which is consistent with the atmospheric-only analysis at
the 1σ level. This fit also finds improved constraints on δCP
in the inverted ordering for values near π=2: The constraint
on sin2 θ13 fixes the effect size of the mass ordering, such
that the separate modifications to νe appearance from δCP
are more readily resolved.
In this fit, the preference for the normal ordering

increases to Δχ2I:O:−N:O: ¼ 5.69. This improvement is con-
sistent with the observed preference for smaller values of
sin2 θ13 in the inverted ordering fit with sin2 θ13 free: The χ2

value in the inverted ordering increases with the added
constraint, while the χ2 value in the normal ordering
remains similar to the result without the constraint.
Figure 17 shows the constraints on sin2 θ23 andΔm2

32 from
the θ13-constrained analysis of SK atmospheric neutrino data
compared with the constraints from MINOS/MINOS+ [53],
NOvA [4], T2K [3], and IceCube [54]. The SK atmospheric
neutrino data are consistent with the other experiments at the
90% level.While the atmospheric neutrino data find a best-fit
value of sin2 θ23 in the lower octant, we note that the previous
publication found a best-fit value in the upper octant [5], and

!" /2!" 0 /2! !

CP#

0
2
4

6
8

10
12
14
16

2 $%

V expanded FV"SK I
Data  fit Inverted
MC expectation Normal

2 2.5 3
)2 eV-3 (10&32,31

2m%&

0
2
4

6
8

10
12
14
16

2 $%

68%
90%
95%

99%

0.4 0.5 0.6
23'2sin

0
2
4

6
8

10
12
14
16

2 $%

FIG. 16. 1DΔχ2 profiles of oscillation parameters in the analysis with sin2 θ13 constrained. Solid lines correspond to the data fit result,
while dashed lines correspond to the MC expectation at the data best-fit oscillation parameters, cf. Table IV. Dotted lines show critical
values of the χ2 distribution for 1 degree of freedom corresponding to 68%, 90%, 95%, and 99% probabilities.

0.35 0.4 0.45 0.5 0.55 0.6 0.65

23'2sin

2.0

2.2

2.4

2.6

2.8

3.0

3.2

3.4

)2
 e

V
-3

 (1
0

322
m%

Normal ordering, 90% C.L.
MINOS/MINOS+ 2020
NOvA 2020
T2K 2023
IceCube 2023
Super-K
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Contours are drawn for a 90% critical χ2 value assuming 2 degrees
of freedom, with the Δχ2 computed for each experiment with
respect to the best-fit point in the normal mass ordering. The
Super-K contour shows the result of this analysis, and other
contours are adapted from publications by MINOS+ [53], NOvA
[4], T2K [3], and IceCube [54]. Best-fit points are indicated with
markers for each experiment.
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average distance of 15 km above Earth’s surface. Neutrinos
produced on the other side of the Earth from a detector are
upward-going, θz ¼ π, and travel an approximate distance
of 13 000 km through the Earth. Oscillation signatures are
most evident in upward-going atmospheric neutrinos due to
the longer baselines.
A general atmospheric neutrino baseline begins at a

production point in the atmosphere and passes through the

Earth before ending at a detector near the surface. We
model the matter effects induced by passage through the
Earth assuming a simplified version of the preliminary
reference Earth model (PREM) [13], where the Earth is
treated as a sphere with radius REarth ¼ 6371 km and
contains concentric spherical shells of decreasing densities.
Table I lists the Earth layers and corresponding densities
assumed in this work.
To compute neutrino oscillation amplitudes through

layers of different matter densities, amplitudes along steps
through matter of fixed densities are multiplied together
[14]. The general matrix form of the propagated mass
eigenvectorsX for neutrinos passing through a fixed matter
density is

X ¼
X
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2EHMatter −M2
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TABLE I. Neutrino propagation layers and corresponding
densities used for calculating neutrino oscillation probabilities
in this analysis, based on a simplified PREM [13].

Layer RMin (km) RMax (km) Density (g=cm3)

Atmosphere 6371 $ $ $ 0
Crust 5701 6371 3.3
Mantle 3480 5701 5.0
Outer core 1220 3480 11.3
Inner core 0 1220 13.0

FIG. 1. Electron-to-muon flavor oscillation probabilities of atmospheric neutrinos as a function of cosine zenith angle and neutrino
energy. The top row shows the probabilities for neutrinos and antineutrinos in the normal mass-ordering scenario, and the bottom row
shows the same probabilities for the inverted mass-ordering scenario. The probabilities are calculated assuming sin2 θ23 ¼ 0.5,
sin2 θ13 ¼ 0.022, sin2 θ12 ¼ 0.307, jΔm2

32;31j ¼ 2.4 × 10−3 eV2, Δm2
21 ¼ 7.53 × 10−5 eV2, and δCP ¼ −π=2. The matter effect

resonance is visible in the normal ordering for neutrinos (upper left) or the inverted ordering for antineutrinos (lower right) between
2 GeV and 10 GeV, and for cos θz ≲ −0.5.
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Appendix A: δCP–MO degeneracy and the ability to
reject CP conservation—The impact of the δCP–MO
degeneracy on rejecting CP conservation is illustrated in
Fig. 4 assuming normal ordering. T2K can reject the
CP-conserving hypothesis if sin δCP < 0, which aligns
with current measurements from T2K. However, if
δCP ∼ π=2 and the mass ordering is normal—as weakly
favored by NOvA data [2,41]—T2K is largely
insensitive to δCP due to the δCP–MO degeneracy,
demonstrated in Fig. 18 of Ref. [3]. The degeneracy is
resolved by SK’s MO constraint being decoupled from
its δCP measurement in the joint analysis. This results in
a dramatic improvement in the joint analysis sensitivity
compared to each experiments’ individual sensitivities. If
the mass ordering is inverted, the loss of ability to reject
CP conservation by T2K alone happens instead for
δCP ∼ −π=2, and the joint analysis significantly improves
sensitivity in this region for the same reason. These
features were also confirmed by studying the statistical

power to reject CPC using ensembles of pseudo
datasets.

Appendix B: Resonant and deep inelastic interaction
uncertainty model—In this analysis, the uncertainty
model for resonant and deep inelastic interactions for the
low-energy samples is based on the T2K model, while
the model for the high-energy samples is based on the
SK model. These two uncertainty models have many
similarities. For resonant interactions, both use
uncertainties on the axial mass, the axial form factor at
Q2 ¼ 0 and the normalization of the nonresonant
isospin-1=2 component and have similar implementa-
tions. The reference T2K and SK analyses use different
prior uncertainties for these parameters. For the joint
analysis presented here, prior uncertainties from the
reference T2K analysis [3] are used for all samples,
which gives increased uncertainties compared to the SK
reference analysis. Further, the T2K analysis includes an
uncertainty on the normalization of the nonresonant
background at low pion momenta for antineutrinos,
while the SK analysis has additional uncertainties on the
ν=ν̄ and 1π0=1π" cross section ratios for resonant
interactions. The latter are based on comparisons
between the predictions of the nominal Rein-Sehgal
model [28] and those of the model by Hernández
et al. [42].
For deep inelastic (DIS) interactions, the T2K and SK

uncertainty models also have similarities, as the T2K model
is based on an older version of the SK one. Both models
include uncertainties on the Bodek-Yang model [43]. For
the low invariant mass (W < 2 GeV=c2) region, this
uncertainty is separated into uncertainties on the axial
and vector parts and an extra normalization on the structure
function from Ref. [44] in the SK analysis. In the T2K
analysis, a simple comparison between models with and
without the Bodek-Yang corrections in this region is used.
Both models include uncertainties on the number of
hadrons produced in DIS interactions for the low W region
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FIG. 4. Sensitivity to reject the CP-conserving hypothesis
for different true values of δCP assuming the normal MO.
Other oscillation parameters are set to sin2 θ23 ¼ 0.528,
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32 ¼ 2.509 × 10−3 eV2.
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• Correlate (sub-GeV) xsec and 
detector systematics


• Apply T2K ND xsec constraint to 
atmospheric fit


• Good fit using correlated systematics 
: Atm. vs. ND 
: Atm vs. acc (with ND)

p = 0.19
p = 0.24

• Lifting —MO degeneracy

• First joint fit based on past analyses 

PRL 134, 011801 (2025)


• SK: just SK IV period, same reconstruction 
and baseline interaction model as T2K  
PTEP 2019, 053F01


• T2K: results first shown in 2020  
EPJ. C (2023) 83:782

δCP

Results
• Both experiments individually prefer normal ordering and δCP~-π/2, T2K prefers upper octant, SK prefer 

lower octant

• We performed Bayesian and Frequentist analyses → frequentist analyses shown today

• The CP-conserving value of the Jarlskog invariant is excluded with a significance between 1.9 and 2 σ

• In the frequentist analysis, p-value for CPC is 0.037 but increase to 0.05 when potential biases due to cross-

section mis-modeling are included

• Normal ordering is preferred, p-value for IO 0.08
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Figure 3: Left panel shows the comparison of single-ring elike events; middle ⌫e cc1⇡+-like; right
µ-like. No ND pre/postfit constraint is applied. All events have been weighted by oscillation
probability with oscillation parameter true values set to AsimovA as shown in Table 3.

Table 3: Reference values of the neutrino oscillation parameters for set Asimov A.

Parameters Asimov A

�m
2
21 7.53⇥ 10�5 eV2

�m
2
32 (NH) / |�m

2
31| (IH) 2.509⇥ 10�3 eV2

sin2 ✓23 0.528
sin2 ✓12 (sin2 2✓12 ) 0.307 (0.851)
sin2 ✓13 (sin2 2✓13 ) 0.0218 (0.0853)
�CP �1.601
Earth matter density 2.6 g/cm3

Mass hierarchy Normal

one in appendix.190
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— SK sample 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SK+T2K 
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• Asimov sensitivity (roughly the expectation of shown ) for rejecting the CP conservation hypothesis for various values of true 
dcp (i.e. for an actual experiment one would obtain a single data-point only). Here the best  over the four CP conserving points 
is is compared against the best  over  and the two mass orderings.


• For true  in NO and true  in IO, T2K cannot exclude CP conservation due to MO-degeneracy. SK’s MO-
sensitivity is able to break this degeneracy.


• Note: the -axis values cannot be directly translated to a p-value (i.e. it is not equal to the square of sigmas).
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40 Projects in R&D phase are not mentioned

Recently, the Hyper-Kamiokande detector has been
proposed to measure decay-at-rest neutrinos arising from
μþ decays from a proposed new facility near Super-
Kamiokande [14]. Such a measurement, if such a μþ

decay-at-rest source is constructed, could provide a meas-
urement of charge-parity (CP) violation in the lepton sector
that is complementary to those from beam-neutrino-based
experiments, specifically the Deep Underground Neutrino
Experiment (DUNE) and HK. More recent work has
explored the capability of this setup to measure other
oscillation parameters [15], especially when new physics
scenarios are concerned [16–18].
We also explore other opportunities for measuring DAR

neutrinos at long baselines to test and measure the three-
neutrino framework. In particular, we consider μDAR and
πDAR fluxes, the measurement of which, however, would
require either new intense sources or new detectors. To this
end, the DAEδALUS [19] experiment proposes to use
compact, but intense, cyclotron proton sources to generate a
large number of πDAR neutrinos and their detection in a
large water Cherenkov detector such as Hyper-K over
a variety of baselines in the 1–20 km range. In this work,
we briefly study the event rates of πDAR neutrinos in a
large liquid argon detector such as DUNE, as well as the
rate of inverse beta decay events of μDAR antineutrinos
in large scintillator or water detectors. Like DAEδALUS,
these rates are sensitive to the CP-violating phase in the
three-neutrino framework and can thus be complementary
to measurements in neutrino beams.

This manuscript is organized as follows: In Sec. II, we
discuss the phenomenon of neutrino oscillations, specifi-
cally focusing on the low-energy, long-baseline setup we
are interested in. In Sec. III, we provide the relevant
experimental details about JSNS and HK assumed in this
work, as well as the strategy for detection of this process
and reduction of background processes. In Sec. IV, we
consider other opportunities to test the three-neutrino
paradigm with DAR sources. In Sec. V, we offer some
concluding remarks.

II. LOW-ENERGY, LONG-DISTANCE
OSCILLATIONS

Neutrino oscillations are governed by a characteristic
scale determined by the mass-squared splitting Δm2

ji ≡
m2

j −m2
i . A great deal of experimental evidence suggests

that there are two nonzero mass-squared splittings, com-
monly referred to as the “atmospheric mass splitting”
Δm2

31 ≈ 2.5 × 10−3 eV2 [20–22] and the “solar mass split-
ting”1 Δm2

21 ≈ 7 × 10−5 eV2 [24–28]. Anomalous exper-
imental results—among them the LSND, MiniBooNE, and
short-baseline reactor antineutrino experiments—provide
hints of a new mass splitting Δm2 ∼ 1 eV2 [11,29–31].
Understandably, a significant number of oscillation

experiments have focused on ranges of baseline length L
and neutrino energy Eν for which oscillations due to these
three splittings are most significant. The phase that governs
oscillation physics (in vacuum2) is

Pαβ ≡ Pðνα → νβÞ ∝ sin2
!
Δij

2

"
; ð1Þ

where Δij ≡ Δm2
ijL=2Eν. When using experimentally suit-

able units,

Δij ¼ 2.534
!Δm2

ij

1 eV2

"!
L

1 km

"!
1 GeV
Eν

"
ð2Þ

¼ 2.534
!Δm2

ij

1 eV2

"!
L
1 m

"!
1 MeV
Eν

"
: ð3Þ

The effects of oscillations will be maximized whenΔij is an
odd multiple of π.
Figure 1 displays a subset of current and future neutrino

oscillation experiments. Experiments sensitive to the atmos-
pheric mass-squared splitting populate the region of this

FIG. 1. Baseline lengths and typical neutrino energies for a
variety of searches for neutrino oscillations. The purple star labeled
“This work” corresponds to neutrinos coming from kaon decay-at-
rest traveling the distance between JSNS and Hyper-Kamiokande,
295 km (see Sec. III). The proposals of Sec. IV using πDAR and
μDAR overlap the region probed by DAEδALUS.

1Current data from reactor (KamLAND) and solar experiments
disagree on this parameter at the 2σ level; this tension could be
resolved or accelerated in the next generation of experiments,
specifically JUNO and DUNE [23].

2For the energies and baselines of interest in this work, matter
effects are not important in modifying neutrino oscillation
probabilities.
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Recently, the Hyper-Kamiokande detector has been
proposed to measure decay-at-rest neutrinos arising from
μþ decays from a proposed new facility near Super-
Kamiokande [14]. Such a measurement, if such a μþ

decay-at-rest source is constructed, could provide a meas-
urement of charge-parity (CP) violation in the lepton sector
that is complementary to those from beam-neutrino-based
experiments, specifically the Deep Underground Neutrino
Experiment (DUNE) and HK. More recent work has
explored the capability of this setup to measure other
oscillation parameters [15], especially when new physics
scenarios are concerned [16–18].
We also explore other opportunities for measuring DAR

neutrinos at long baselines to test and measure the three-
neutrino framework. In particular, we consider μDAR and
πDAR fluxes, the measurement of which, however, would
require either new intense sources or new detectors. To this
end, the DAEδALUS [19] experiment proposes to use
compact, but intense, cyclotron proton sources to generate a
large number of πDAR neutrinos and their detection in a
large water Cherenkov detector such as Hyper-K over
a variety of baselines in the 1–20 km range. In this work,
we briefly study the event rates of πDAR neutrinos in a
large liquid argon detector such as DUNE, as well as the
rate of inverse beta decay events of μDAR antineutrinos
in large scintillator or water detectors. Like DAEδALUS,
these rates are sensitive to the CP-violating phase in the
three-neutrino framework and can thus be complementary
to measurements in neutrino beams.

This manuscript is organized as follows: In Sec. II, we
discuss the phenomenon of neutrino oscillations, specifi-
cally focusing on the low-energy, long-baseline setup we
are interested in. In Sec. III, we provide the relevant
experimental details about JSNS and HK assumed in this
work, as well as the strategy for detection of this process
and reduction of background processes. In Sec. IV, we
consider other opportunities to test the three-neutrino
paradigm with DAR sources. In Sec. V, we offer some
concluding remarks.

II. LOW-ENERGY, LONG-DISTANCE
OSCILLATIONS

Neutrino oscillations are governed by a characteristic
scale determined by the mass-squared splitting Δm2

ji ≡
m2

j −m2
i . A great deal of experimental evidence suggests

that there are two nonzero mass-squared splittings, com-
monly referred to as the “atmospheric mass splitting”
Δm2

31 ≈ 2.5 × 10−3 eV2 [20–22] and the “solar mass split-
ting”1 Δm2

21 ≈ 7 × 10−5 eV2 [24–28]. Anomalous exper-
imental results—among them the LSND, MiniBooNE, and
short-baseline reactor antineutrino experiments—provide
hints of a new mass splitting Δm2 ∼ 1 eV2 [11,29–31].
Understandably, a significant number of oscillation

experiments have focused on ranges of baseline length L
and neutrino energy Eν for which oscillations due to these
three splittings are most significant. The phase that governs
oscillation physics (in vacuum2) is
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The effects of oscillations will be maximized whenΔij is an
odd multiple of π.
Figure 1 displays a subset of current and future neutrino

oscillation experiments. Experiments sensitive to the atmos-
pheric mass-squared splitting populate the region of this

FIG. 1. Baseline lengths and typical neutrino energies for a
variety of searches for neutrino oscillations. The purple star labeled
“This work” corresponds to neutrinos coming from kaon decay-at-
rest traveling the distance between JSNS and Hyper-Kamiokande,
295 km (see Sec. III). The proposals of Sec. IV using πDAR and
μDAR overlap the region probed by DAEδALUS.

1Current data from reactor (KamLAND) and solar experiments
disagree on this parameter at the 2σ level; this tension could be
resolved or accelerated in the next generation of experiments,
specifically JUNO and DUNE [23].

2For the energies and baselines of interest in this work, matter
effects are not important in modifying neutrino oscillation
probabilities.
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Recently, the Hyper-Kamiokande detector has been
proposed to measure decay-at-rest neutrinos arising from
μþ decays from a proposed new facility near Super-
Kamiokande [14]. Such a measurement, if such a μþ

decay-at-rest source is constructed, could provide a meas-
urement of charge-parity (CP) violation in the lepton sector
that is complementary to those from beam-neutrino-based
experiments, specifically the Deep Underground Neutrino
Experiment (DUNE) and HK. More recent work has
explored the capability of this setup to measure other
oscillation parameters [15], especially when new physics
scenarios are concerned [16–18].
We also explore other opportunities for measuring DAR

neutrinos at long baselines to test and measure the three-
neutrino framework. In particular, we consider μDAR and
πDAR fluxes, the measurement of which, however, would
require either new intense sources or new detectors. To this
end, the DAEδALUS [19] experiment proposes to use
compact, but intense, cyclotron proton sources to generate a
large number of πDAR neutrinos and their detection in a
large water Cherenkov detector such as Hyper-K over
a variety of baselines in the 1–20 km range. In this work,
we briefly study the event rates of πDAR neutrinos in a
large liquid argon detector such as DUNE, as well as the
rate of inverse beta decay events of μDAR antineutrinos
in large scintillator or water detectors. Like DAEδALUS,
these rates are sensitive to the CP-violating phase in the
three-neutrino framework and can thus be complementary
to measurements in neutrino beams.

This manuscript is organized as follows: In Sec. II, we
discuss the phenomenon of neutrino oscillations, specifi-
cally focusing on the low-energy, long-baseline setup we
are interested in. In Sec. III, we provide the relevant
experimental details about JSNS and HK assumed in this
work, as well as the strategy for detection of this process
and reduction of background processes. In Sec. IV, we
consider other opportunities to test the three-neutrino
paradigm with DAR sources. In Sec. V, we offer some
concluding remarks.

II. LOW-ENERGY, LONG-DISTANCE
OSCILLATIONS

Neutrino oscillations are governed by a characteristic
scale determined by the mass-squared splitting Δm2

ji ≡
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j −m2
i . A great deal of experimental evidence suggests

that there are two nonzero mass-squared splittings, com-
monly referred to as the “atmospheric mass splitting”
Δm2

31 ≈ 2.5 × 10−3 eV2 [20–22] and the “solar mass split-
ting”1 Δm2

21 ≈ 7 × 10−5 eV2 [24–28]. Anomalous exper-
imental results—among them the LSND, MiniBooNE, and
short-baseline reactor antineutrino experiments—provide
hints of a new mass splitting Δm2 ∼ 1 eV2 [11,29–31].
Understandably, a significant number of oscillation

experiments have focused on ranges of baseline length L
and neutrino energy Eν for which oscillations due to these
three splittings are most significant. The phase that governs
oscillation physics (in vacuum2) is
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The effects of oscillations will be maximized whenΔij is an
odd multiple of π.
Figure 1 displays a subset of current and future neutrino

oscillation experiments. Experiments sensitive to the atmos-
pheric mass-squared splitting populate the region of this

FIG. 1. Baseline lengths and typical neutrino energies for a
variety of searches for neutrino oscillations. The purple star labeled
“This work” corresponds to neutrinos coming from kaon decay-at-
rest traveling the distance between JSNS and Hyper-Kamiokande,
295 km (see Sec. III). The proposals of Sec. IV using πDAR and
μDAR overlap the region probed by DAEδALUS.

1Current data from reactor (KamLAND) and solar experiments
disagree on this parameter at the 2σ level; this tension could be
resolved or accelerated in the next generation of experiments,
specifically JUNO and DUNE [23].

2For the energies and baselines of interest in this work, matter
effects are not important in modifying neutrino oscillation
probabilities.
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Summary
• 3  oscillation paradigm successfully describes many 

reactor/accelerator/atmospheric -oscillation experiments. 
Consistency across

• Different oscillation channels  

( , ,  etc.)


• Different interaction mechanisms

• Different detector technologies

• Different contributions of matter effects


• Some parameters are entering precision era  
 is now measured sub-% (global average) 

 
Strong contributions from recent  
NOvA and IceCube results


• If IO, we have evidence for 
CP-violation, but various 
weak indications of NO

ν
ν

νe → νe νμ → νμ νμ → νe

|Δm2
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• Two joint fits were done (T2K+NOvA, T2K+SK), 
potential for cancelling degeneracies, testing 
systematic correlations, stress-testing the model 
 
Significance of such will increase in upcoming 
systematic-dominant era


• New detectors are coming online:  
ORCA, IceCube upgrade, 
JUNO, HyperK, DUNE 
High statistics experiments requiring good 
understanding of systematics 


• Especially for MO, many ways to measure  
 
Over the next 4~6 years we may not only get 
one, but two different measurements of MO? 
→ feeds into CPV search and 0νββ

§ Regardless of the mass orderings, dCP = p/2 lies outside 3-sigma credible interval. 

§ If the ordering is inverted, CP conserving values of +CP (0, p) and Jarlskog invariant JCP 
= 0 lie outside the 3-sigma credible interval. 
§ for priors that are both uniform in dCP and uniform in sin dCP

27Oct 28, 2024 Zoya Vallari/ NNN 2024

NOvA + T2K: dCP and JCP

27

*Note: Jarlskog plot assumes inverted ordering; left plot 
shows posterior marginalized over both MO simultaneously. 
Conclusions hold for both marginalizations.

Zoya Vallari, OSUFeb 18, 2025
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End Matter

Appendix A: δCP–MO degeneracy and the ability to
reject CP conservation—The impact of the δCP–MO
degeneracy on rejecting CP conservation is illustrated in
Fig. 4 assuming normal ordering. T2K can reject the
CP-conserving hypothesis if sin δCP < 0, which aligns
with current measurements from T2K. However, if
δCP ∼ π=2 and the mass ordering is normal—as weakly
favored by NOvA data [2,41]—T2K is largely
insensitive to δCP due to the δCP–MO degeneracy,
demonstrated in Fig. 18 of Ref. [3]. The degeneracy is
resolved by SK’s MO constraint being decoupled from
its δCP measurement in the joint analysis. This results in
a dramatic improvement in the joint analysis sensitivity
compared to each experiments’ individual sensitivities. If
the mass ordering is inverted, the loss of ability to reject
CP conservation by T2K alone happens instead for
δCP ∼ −π=2, and the joint analysis significantly improves
sensitivity in this region for the same reason. These
features were also confirmed by studying the statistical

power to reject CPC using ensembles of pseudo
datasets.

Appendix B: Resonant and deep inelastic interaction
uncertainty model—In this analysis, the uncertainty
model for resonant and deep inelastic interactions for the
low-energy samples is based on the T2K model, while
the model for the high-energy samples is based on the
SK model. These two uncertainty models have many
similarities. For resonant interactions, both use
uncertainties on the axial mass, the axial form factor at
Q2 ¼ 0 and the normalization of the nonresonant
isospin-1=2 component and have similar implementa-
tions. The reference T2K and SK analyses use different
prior uncertainties for these parameters. For the joint
analysis presented here, prior uncertainties from the
reference T2K analysis [3] are used for all samples,
which gives increased uncertainties compared to the SK
reference analysis. Further, the T2K analysis includes an
uncertainty on the normalization of the nonresonant
background at low pion momenta for antineutrinos,
while the SK analysis has additional uncertainties on the
ν=ν̄ and 1π0=1π" cross section ratios for resonant
interactions. The latter are based on comparisons
between the predictions of the nominal Rein-Sehgal
model [28] and those of the model by Hernández
et al. [42].
For deep inelastic (DIS) interactions, the T2K and SK

uncertainty models also have similarities, as the T2K model
is based on an older version of the SK one. Both models
include uncertainties on the Bodek-Yang model [43]. For
the low invariant mass (W < 2 GeV=c2) region, this
uncertainty is separated into uncertainties on the axial
and vector parts and an extra normalization on the structure
function from Ref. [44] in the SK analysis. In the T2K
analysis, a simple comparison between models with and
without the Bodek-Yang corrections in this region is used.
Both models include uncertainties on the number of
hadrons produced in DIS interactions for the low W region
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FIG. 4. Sensitivity to reject the CP-conserving hypothesis
for different true values of δCP assuming the normal MO.
Other oscillation parameters are set to sin2 θ23 ¼ 0.528,
sin2 θ13 ¼ 0.0218, and Δm2

32 ¼ 2.509 × 10−3 eV2.
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